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1 FOREWORD

The construction of the LHC and its detectors is nearing detigm, and first collisions are to be expected
in 2008. While in essence built to discover new physics phera, the proton collisions at the LHC
will provide a huge number of Standard Model events inclgdit, W, Z and top quark processes.
These events can be used to further scrutinize the StandadeélMs a theory, but are essential Handles
and Candles for the broad physics commissioning of the @rpets. Prior to any discovery of new
phenomena a deep understanding of these background ewsnts he obtained. A solid knowledge
of the Standard Model is crucial is estimating the diversekbeounds in the signal regions and is a
pre-requisite for the correct interpretation of the obedrghenomena.

The primary aim of the Standard Model Handles and Candle&ingrgroup, which has been
set up in the framework of the Les Houches workshop is to addssues relevant in the programme
described above. Several topics relevant for the StandadkeMorocesses considered as a background
or signal are discussed. Examples are electroweak and Q&@iegses like Z and W boson production
and the high mass tail of the Drell-Yan spectrum. The preaticand understanding of the min-bias
events and the parton density distributions are other $opic



The production of jets in the proton collisions at the LHC Imiadant. Therefore a thorough
understanding of jet physics is primordial, including forample a common nomenclature or accord
when we speak about a generic jet of particles. Along this iirbecomes relevant to compare the
performance of several jet algorithms. A complete chapieievoted to this domain, resulting in a list
of recommendations for the physics analyses at the LHC.

Part |

COMPARISON OF EXISTING TOOLS FOR
THE STANDARD MODEL

2 ATUNED COMPARISON OF ELECTROWEAK PREDICTIONS FOR Z BOSON OBSERV-
ABLES WITH HORACE, SANC AND ZGRAD2 1

2.1 Introduction

W and Z bosons will be produced copiously at the LHC and high-piegisneasurements of cross
sections and their properties will be used for detectobcatiion, to understand the background to many
physics analysis, and last but not least, to explore a nestreleeak high-energy regime in tails gfand

W distributions. In view of the importance of singl& andZ production as 'standard candles’ and for
searches of signals of new physics, it is crucial to contreltheoretical predictions for production cross
section and kinematic distributions. For a review of a\@édacalculations and tools, see Refs. [1], for
instance. Good theoretical control of the predicitionauiezs a good understanding of the residual theo-
retical uncertainties. As a first step, we perform a tunederioal comparison of the following publicly
available codes that provide precise predictionsZoobservables, including electroweak (E\@)«)
corrections: HORACE [2, 3], SANC [4-6], and ZGRAD?2 [7]. Riresults of a tuned comparison of
Z production cross sections can be found in Ref. [8], and ptiedis for singlel’” production including
QCD and electroweak corrections have been recently disduasRef. [1]. A study of combined effects
of QCD and electroweak corrections to the neutral-currentgss in the high invariant-mass region can
be found in these procceedings.

2.2 Results of a tuned comparison dHORACE, SANC and ZGRAD2
Setup for the tuned comparison

1Contributed by: A. Arbuzov, D. Bardin, U. Baur, S. Bondarenkc.M. Carloni Calame, P. Christova, L. Kalinovskaya,
G. Montagna, O. Nicrosini, R. Sadykov, A. Vicini, D. Wack#ro



For the numerical evaluation of the cross sections at the [JAC= 14 TeV) we chose the following set
of Standard Model input parameters:

G, = 1.16637 x 107° GeV 2, o =1/137.03599911, o, = a,(M2%) =0.1176
Mz = 91.1876 GeV, Iz = 2.4924 GeV
My = 80.37399 GeV, Ty = 2.0836 GeV
Mg =115 GeV,
me = 0.51099892 keV, m, = 0.105658369 GeV, m, = 1.77699 GeV
m, = 0.06983 GeV, me =12 GeV, m; =174 GeV
mg = 0.06984 GeV, mg = 0.15 GeV, my = 4.6 GeV
Viua| = 0.975, [Vius| = 0.222
|Vea| = 0.222, |Ves| = 0.975
Vepl = Vis| = [Vl = [Via| = [Vis| = 0 1)

The W and Higgs boson masse¥; and My, are related via loop corrections. To determivig, we
use a parametrization which, f660 GeV < My < 1 TeV, deviates by at most 0.2 MeV from the the-
oretical value including the full two-loop contribution8][(using Egs. (6,7,9)). Additional parametriza-
tions can also be found in [10, 11].

We work in the constant width scheme and fix the weak mixindeahgc,, = My /My, s2, =
1 — ¢2. TheZ andW-boson decay widths given above are calculated includin® @@d electroweak
corrections, and are used in both the LO and NLO evaluatibtieeacross sections. The fermion masses
only enter through loop contributions to the vector bosdheseergies and as regulators of the collinear
singularities which arise in the calculation of the QED ciimition. The light quark masses are chosen
in such a way, that the value for the hadronic five-flavor dbation to the photon vacuum polarization,
Aaﬁi)d(Mg) = 0.027572 [12], is recovered, which is derived from low-energye data with the help
of dispersion relations. The finestructure constart), is used throughout in both the LO and NLO
calculations of theZ production cross sections.

In the course of the calculation &f observables the Kobayashi-Maskawa-mixing has been ne-
glected.

To compute the hadronic cross section we use the MRST20048@E®@F parton distribution func-
tions [13], and take the renormalization scalg, and the QED and QCD factorization scalggep and
pqep, to bep; = pgpn = pgep = M. In the MRST2004QED structure functions, the factorizatio
of the photonic initial state quark mass singularities iselm the QED DIS scheme which we therefore
use in all calculations reported here. It is defined analsiyoto the usual DIS [14] schemes used in
QCD calculations, i.e. by requiring the same expressiotheleading and next-to-leading order struc-
ture functionFy, in deep inelastic scattering, which is given by the sum ofophark distributions. Since
F, data are an important ingredient in extracting PDFs, thecefff theO(«) QED corrections on the
PDFs should be reduced in the QED DIS scheme.

The detector acceptance is simulated by imposing the folgwransverse momentump«) and
pseudo-rapidityf) cuts:

p7 > 20 GeV, Ine| < 2.5, (=e,p, (2)

These cuts approximately model the acceptance of the ATLARISGMS detectors at the LHC. Uncer-
tainties in the energy measurements of the charged leptidghe detector are simulated in the calculation
by Gaussian smearing of the particle four-momentum vecttir standard deviatioa which depends
on the particle type and the detector. The numerical reptdisented here were calculated usingalues
based on the ATLAS specifications. In addition to the separatuts of Eq. 2, we apply a cut on the
invariant mass of the final-state lepton pairMdf; > 50 GeV.

5



electrons muons
combinee andy momentum four vectors, reject events witht, > 2 GeV

if AR(e,v) <0.1 for AR(p,7v) < 0.1
reject events withty, > 0.1 E, reject events withty, > 0.1 £,
for 0.1 < AR(e,y) < 0.4 for 0.1 < AR(u,v) < 0.4

Table 1: Summary of lepton identification requirements.

The granularity of the detectors and the size of the elecgpmatic showers in the calorimeter
make it difficult to discriminate between electrons and phetwith a small opening angle. In such
cases we recombine the four-momentum vectors of the efeatrd photon to an effective electron four-
momentum vector. We require that the electron and photonentum four-vectors are combined into
an effective electron momentum four-vector if their separain the pseudorapidity — azimuthal angle
plane,

AR(e,7) = /(An(e,7))? + (Ag(e,7))?, (3)

is AR(e,v) < 0.1. For0.1 < AR(e,v) < 0.4 events are rejected i, > 0.1 E.. HereE, (E.) is the
energy of the photon (electron) in the laboratory frame.

Muons are identified by hits in the muon chambers and the reapeint that the associated track
is consistent with a minimum ionizing particle. This limttee photon energy for small muon — photon
opening angles. For muons, we require that the energy otibi®p is., < 2 GeV for AR(u,y) < 0.1,
andf, < 0.1E, GeV for0.1 < AR(u,7) < 0.4. We summarize the lepton identification requirements
in Table 1. For each observable we will provide “bare” resule. without smearing and recombination
(only lepton separation cuts are applied) and “calo” rasulé. including smearing and recombination.
We will show results for kinematic distributions and totebgs sections, at LO and NLO, and the corre-
sponding relative correction§(%) = donro/doro — 1, at the LHC. We consider the following neutral
current processesp — Z,y — 11T with [ = e, p.

Z boson observables

e 0. total inclusive cross section af boson production.
The results forz at LO and EW NLO and the corresponding relative correctibage provided
in Table 2.
° W: invariant mass distribution of the final-state leptonrpai
The relative correctiong for different M (I*1~) ranges are shown for bare and calo cuts in
Figs. 1,2.
d%: transverse lepton momentum distribution.
The relative correctiong are shown in Fig. 3 for bare and calo cuts.
j—gl: pseudo rapidity distribution of the lepton.
The relative correctioné are shown in Fig. 4 for bare and calo cuts.

e App: forward-backward asymmetries (as a functiomgf; ;- ).
For pp collisions at Tevatron energiedgp usually is defined by [7]

F-B

F+B’

App =

(4)

where

L de O do
F= d cos 0* B = dcos 0*. 5
/0 deosg* “°7 /1 dcoso* ®)



LHC, pp — Z,v — eTe™
bare cuts calo cuts
LO [pb] NLO [pb] | ¢ [%] LO [pb] NLO [pb] | § [%]
HORACE | 739.34(3) 742.29(4) | 0.40(1) 737.51(3) 755.67(6) | 2.46(1)
SANC 739.3408(3)| 743.072(7)| 0.504(1) | 737.857(2) | 756.54(1) | 2.532(2)
ZGRAD?2 | 737.8(7) 743.0(7) 0.71(9) 737.8(7) 756.9(7) 2.59(9)
LHC, pp — Z,v = p* '~
bare cuts calo cuts
LO [pb] NLO [pb] | § [%] LO [pb] NLO [pb] | § [%0]
HORACE | 739.33(3) 762.20(3) | 3.09(1) 738.28(3) 702.87(5) | -4.79(1)
SANC 739.3355(3)| 762.645(3)| 3.1527(4)| 738.5331(3)| 703.078(3)| -4.8006(3)
ZGRADZ2 | 740(2) 764(1) 3.2(2) 740(1) 705(1) -4.7(2)

Table 2: Tuned comparison of LO and EW NLO predictionsderfrom HORACE, SANC, and ZGRAD2. The statistical

error of the Monte Carlo integration is given in parentheses

Here,cos 6* is given by
2
M)/ m2(17) + ph (1)

[ ()~ (7)) —p~ (7 )p™ (1) (6)

cos0* =

with )
+

p —\/i(Eipz), (7
where E is the energy ang, is the longitudinal component of the momentum vector. |1 thi
definition of cos %, the polar axis is taken to be the bisector of the proton beamemtum and
the negative of the anti-proton beam momentum when theyawstéd into thé ™/~ rest frame.
In pp collisions at Tevatron energies, the flight direction of iteoming quark coincides with the
proton beam direction for a large fraction of the events. dénition ofcos #* in Eq. (6) has the
advantage of minimizing the effects of the QCD correctisee(below). In the limit of vanishing
di-leptonpr, 6* coincides with the angle between the lepton and the incomiatpn in thel T/~
rest frame.
For the definition otos 6* given in Eq. (6),Arg = 0 for pp collisions. The easiest way to obtain
a non-zero forward-backward asymmetry at the LHC is to ektiree quark direction in the initial
state from the boost direction of the di-lepton system wattpect to the beam axis. The cosine of
the angle between the lepton and the quark inttie rest frame is then approximated by [7]

p(I"17)] 2

) (1T) — p ()pt )] . (8
o) m(l+l_)\/m2(l+l_)+p2T(l+l—) [ ()= (F) —p~ (7)™ (7)] . (8)

cos0* =

In Fig. 5 (resonance region) and Fig. 6 (tail region) we shioevdifferenced Arp between the
NLO EW and LO predictions for the forward-backward asymiestfor bare and calo cuts at the
LHC.

The predictions of HORACE, SANC and ZGRAD?2 show a satisfigctevel of agreement. The effect of
the EW NLO corrections, calculated for the total cross sestiwithin the specified cuts, agrees within
the statistical uncertainties of the MC integration, diféor the three codes at most by two per mille
and in general by few tenth of per mille. Some discrepandiegeesent in specific observables. This
requires further investigation, which is left to a futurebpcation.



180 100

HORACE —— HORACE ——
160 A SANC - SANC --
140 4 ZGRAD2 - 80 ZGRAD?2 -
120 4
100 60
= 80 LHC —~
> 7 . =X 40 LHC
bS] < - o
60 pp—Z —ete p— Z =t
40 A bare cuts 2 J bare cuts
20
0 0 4
220 4
-40 T T T T T T T -20 T T T T T T T
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
My+p- (GeV) M+~ (GeV)
35 30
— HORACE —— HORACE ——
30 4 SANC ---eeeeeee 25 | SANC -
ZGRAD2 ZGRAD2 -
25 | 20 A
15 4
20
— —~ 104
X 15 A LHC S
= = 5 J LHC
10 4 p—Z —ete” p—Z =t
0 4 calo cuts .
calo cuts i
5 5 | i
7 -10 4 s |
-5 T T T T T T T -15 T T T T T T T
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
M- (GeV) Mo~ (GeV)

Fig. 1: The relative correctiofi due to electroweald(a) corrections to thel/ (1*1™) distribution forZ production with bare
and calo cuts at the LHC.

HORACE HORACE
-6 SANC - 9 | SANC ---
ZGRAD2 - B ZGRAD2 -
8 4 4]
-10 A
-6
—~ 124 —
g SR
< -14 4 <
-10 A LHC
-16 A
LHC pp— Z — ptp
18 J -12
pp—Z —ete” bare cuts
-20 4 bare cuts -14 4
-22 T T T T T T T 1 -16 T T T T T T T
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
M+~ (GeV) M+~ (GeV)
2 -15
HORACE —— HORACE ——
SANC ----eeeee- SANC ----eeeee-
0
220
2 4
] 25 |
3 ®
= =
69 LHC B304 pp—Z—optus
pp— 7 —ete”
-8 A calo cuts calo cuts
-35
-10 A
-12 -40
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
M+ - (GeV) My+p- (GeV)

Fig. 2: The relative correctiofi due to electroweald(a) corrections to thel/ ("1 ™) distribution forZ production with bare
and calo cuts at the LHC.



HORACE —— i HORACE ——
YN (cppem— I YN (Cppem—
10 4 ZGRAD2 e ZGRAD2 weveeeene
6 4
5 4 4
0 2
S S LHC
w <
5 A LHC o ] oo 7 it
10 4 w—Z—ete -4 4 bare cuts
bare cuts -6
215 4
-8
20 T T T T T T T 10 T T T T T T T
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
Y (GeV) pY (GeV)
5 0
HORACE HORACE ——
SANC ----eeee-
4 4
2
34
4
2 4
LHC
S S pp—Z > ptpT
bS] 3
calo cuts
0 - LHC
-8
-1 4 pp—Z —ete”
210 4
-2 A calo cuts
3 T T T T T T T -12 T T T T T T T
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
P (GeV) P (GeV)

Fig. 3: The relative correctiofi due to electroweak)(«) corrections to the!. distribution for Z production with bare and
calo cuts at the LHC.

Conclusions

In this report we performed a tuned comparison of the MontdoGaograms HORACE, SANC and
ZGRAD2, taking into account realistic lepton identificatioequirements. We found good numerical
agreement of the predictions for the tofaproduction cross section, the (i), p}. andrn, distributions
and the forward-backward asymmetry at the LHC. To find ages#rinetween the available electroweak
tools is only a first, albeit important step towards coninglithe predictions for the neutral-current Drell-
Yan process at the required precision level. More detatilediss of the residual uncertainties of predic-
tions obtained with the available tools are needed, in@a&r of the impact of multiple photon radiation,
higher-order electroweak Sudakov logarithms and comb@€®d and EW effects (see contribution to
these proceedings). Moreover, such a study should incliie uhcertainties, EW input scheme and
QED/QCD scale uncertainties.
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3 THE NEUTRAL-CURRENT DRELL-YAN PROCESS IN THE HIGH INVARIA NT-MASS
REGION 2

3.1 Introduction

The Neutral-Current (NC) Drell-Yan (DY) process, which ave rise to a high invariant-mass lepton
pair, is a background to searches for new phenomena. Exaropteese are new heavy resonances Z’
and G* or possible excess resulting from the exchange of raticfes such as the leptoquarks. These
searches are an important part of the LHC physics programrequire a precise knowledge of the
Standard Model (SM) background in order to enable the obsiervof new physics signatures, which
may only give rise to small deviations from the SM cross secti

The DY process has been studied in great detail (cf. [15,drG] feview), but independently in the
strong (QCD) and electroweak (EW) sectors. In the high iav@imass region QCD effects are known
to be large and positive. These must be studied including fibad order results and, for some classes of
results, resummation to all orders of the contributionse ENV corrections tend to increase in size with
energy, because of the virtual Sudakov EW logarithms. Itnigle invariant-mass region, these can be of
the same order of magnitude as the QCD corrections, but ipasde sign. In addition, multiple photon
radiation plays a non-negligible role in the determinatidithe invariant-mass distribution and induces
negative corrections of the order of a few percent. In thietlaj this, it is a worthwhile and non-trivial
exercise to combine all of these different sets of correstiavith the ultimate objective of determining
the DY NC cross section, in the high invariant-mass regiorg precision of a few percent. The results
presented in this contribution represent the first stage lohger term project, with the objective of
systematically investigating all of the various sourcethebretical uncertainty, which can induce effects
of the order of a few percent.

3.2 Available calculations and codes

QCD corrections have been very well studied and a varietyalwiutations and Monte Carlo (MC) gen-
erators exist. These include, next-to-leading-order (INB@Gd next-to-next-to-leading-order (NNLO)
corrections to thdV/Z total production rate [17, 18], NLO calculations fo¥, Z + 1,2 jets signa-
tures [19, 20] (available in the cod&YRADand MCFY| resummation of leading and next-to-leading
logarithms due to soft gluon radiation [21, 22] (implemehte the MC ResBos), NLO corrections
merged with QCD Parton Shower (PS) evolution (for instanché event generatoMC@NLR3] and
POWHE({24]), NNLO corrections to neutral- and charged-current ipYully differential form [25-28]
(available in the MC progranfEWZ, as well as leading-order multi-parton matrix elementeyan
tors matched with PS, such as, for instana&PGEN[29], MADEVENT30, 31], SHERPA32] and
HELAC[33-35].

CompleteO(«) EW corrections to DY processes have been computed indepiyndby various
authors in [3, 6, 7, 36] for NC production. The EW tools whichplement exact NLO corrections to
NC production ar GRADZ7], HORACH3] and SANC[6]. In HORACEHhe effect of multiple photon
radiation to all orders via PS is matched with the exact NL\O-€alculation.

3.3 Electroweak Sudakov logarithms

At high invariant masse®? > M2, the EW corrections are enhanced by Sudakov logarithmseof th
form 1n(Q2/M\2N), which originate from the exchange of soft and collineatual EW gauge bosons as
well as from the running of the EW couplings. At the LHC, theserections can reach tens of percent
at the one-loop level and several percent at the two-loog [87—-39]. The EW Sudakov corrections to

2Contributed by: U. Baur, Q.-H. Cao, C.M. Carloni Calame, &tr&g, J. Jackson, B. Jantzen, G. Montagna, S. Moretti,
D. Newbold, O. Nicrosini, A.A. Penin, F. Piccinini, S. Pozis, C. Shepherd-Themistocleous, A. Vicini, D. Wackeroth-
P. Yuan
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the NC four-fermion scattering amplitude [40—43] can scatcally be written as
Q" 2n Q2
_ 2 o k
A= @) 1 X (1) 3 et (52| ©

where Ag(Q?) is the Born amplitude with running EW couplings at the sa@fe The logarithmic
corrections are known to next-to-next-to-next-to-legdiogarithmic (NNNLL) accuracy at the two-loop
level [42,43], i.e.Cy;, with 4 > k > 1 are known. Due to very strong cancellations between dorhinan
and subdominant logarithmic terms, the two-loop corredtito theete™ — p™p~ andete™ — qq
total cross sections are much smaller than what might nabelexpected and do not exceed a few per
mil in the TeV region.
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Fig. 7: Relative precision (in percent) of the Sudakov agjnation: the one-loop predictions for thee™ invariant mass at

the LHC are compared witBGRAD2 The results have been obtained with the following sepamatuts:pr (1) > 20 GeV and
In(l)] < 2.5.

Nevertheless, for the DY process, kinematic cuts and @iffial distributions might partially de-
stroy the cancellations and thus lead to much bigger coorect It is therefore important to investigate
higher-order Sudakov EW corrections to differential DYtdisitions at the LHC. To this end we have
written aFORTRANode that implements the results of Ref. [43] in fully diffatial form and permits
the interfacing of these to the progra@&RADZ7] andHORACHES3]. The one-loop Sudakov expansion
has been validated and agrees with the weak correctioA&BADAvith a precision at the few per mil
level or better forQ > 200 GeV (see Fig. 7). The small deviations, at low invariant mass,cdrthe
order of the mass-suppressed terms neglected in the Sudpgoeximation. Fig. 8 shows the Sudakov
expansion up to two loops, wherein virtual photonic conttidns are subtracted as in Ref. [43] and real
photon emission is not included. At the one-loop level, thdakov approximation (solid curve) is in
good agreement with thdORACHrediction (dashed-dotted curve), which was obtained lyguthe
set of input parameters appearing in Section 3.4.1, fronfulhéEW correction by subtracting’(«)
photon emission in the leading-logarithmic (LL) approxtioa.® The subtraction of the QED-LL cor-
rection makes the results presented in Fig. 8 independprt terms of orde®©(m} /M?,), of the final
state lepton flavour. The one-loop Sudakov correction gielthegative contribution that reaches%
at 1.5 TeV. The combination of one- and two-loop Sudakovemions is shown by the dashed line.
The two-loop effects are positive, reach 1-2% in the ploittgdriant-mass range and tend to reduce the
one-loop contributions.

3.4 Combining QCD and EW corrections

In the high invariant-mass region both QCD and EW effectdage and therefore, in view of the high
accuracy needed by new physics searches, it is importar@nidioe both corrections consistently, at

3Electromagnetic matching corrections will be addressea farthcoming publication, but the good agreement suggests
that they should be quite small.
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Fig. 8: EW corrections to thg™ .~ invariant mass at the LHC: one-loop predictionsH®RACHdashed-dotted, see text);
one-loop (solid) and two-loop (dashed) Sudakov approxonat

the event generator level, to perform a realistic simumat this process. A first attempt to combine
QED and QCD corrections can be found in [44] and results ferhiigh invariant-mass distribution of
charged lepton pairs are shown in Section 3.4.2. The coritmaf QCD and EW effects presented in
Section 3.4.1 follows the approach first devised in [45-47].

3.4.1 Combined QCD and EW effects Wit @ NL&nd HORACE
The formula for the combination of QCD and EW effects is gibgr{45—-47]:

30 o™ (80,0 @
do QCD®EW do best QCD do best EW do born/ HERWIGPS

where the differential cross-section, with respect to abgeovable®, is given by two terms: i) the
results of a code which describes at best the effect of QCEections; ii) the effects due to NLO-EW
corrections and to higher-order QED effects of multiple tohoradiation computed witORACEIn
the EW calculation, the effect of the Born distribution idsacted to avoid double counting since this
is included in the QCD generator. In addition, the EW corogrst are convoluted with a QCD PS and
include, in the collinear approximation, the bulk of #««;) corrections.

Preliminary numerical results have been obtained, for'asm final state, with the following set
of input parameters:

G, = 1.16639 x 107° GeV ™2, o =1/137.03599911, o, = as(M2) = 0.118,
My = 80.419 GeV, Mz =91.188 GeV, Tz =2.4952 GeV,
me = 0.51099892 MeV, m, = 0.105658369 GeV, m; = 174.3 GeV.

The parton distribution function (PDF) s®tRST2004QED13] has been used to describe the proton

partonic content. The PDF factorization scale has beengsetl ¢oup = \/(pi)2 + M62+e_, where
M+ - is the invariant mass of the lepton pair. The following cusweé been imposed to select the

events:

P >25GeV, |5 <25, M., > 200 GeV. (11)
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The percentage corrections shown in the right panels of. Rigend 10 have been defined &s=
(0NLO — OBorn+PS) /0Born+Ps- The granularity of the detectors and the size of the ele@gnetic
showers in the calorimeter make it difficult to discriminéitween electrons and photons with a small
opening angle. We adopt the following procedure to selexetlent: we recombine the four-momentum
vectors of the electron and photon into an effective electooir-momentum vector if, defining

AR(e,y) = VAn(e,7)? + Ag(e, )2, (12)

AR(e,y) < 0.1 (with An, A¢ the distances of electrons and photons along the longau@ind az-
imuthal directions). We do not recombine electrons andqiwifn, > 2.5 (with n, the photon pseudo-
rapidity). We apply the event selection cuts only after g@mbination procedure.

We have usedIC@NL@s the best QCD generator and have tuned it MGFM/FEWZat NLO.
With the same settings, the two codes, when run at LO, givesdnge results adORACEThe tuning
procedure validates the interpretation of the varioustivelaeffects as due to the radiative corrections
and not to a mismatch in the setups of the two codes. The sgaudsented have been obtained using
HORACHEvhere the exact NLO-EW corrections are included, but nodrghder effects due to QED
multiple emissions. Fig. 9 shows the interplay between t@®@nd EW corrections for the di-lepton

M, NLO M, Corrections
< : : : : : S 25 : : : : — —
) 1 Lo ~
Q 1 | S — EWK R
S 10 — NLOQCD — Combined
B —— NLO EWK 15
2 —— NLO Combined
=2 F 10 k 3
gz
o 5F
10° F oF ]
5k ]
10* -10F
15 F ]
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
M, (GeV) M, (GeV)
Fig. 9: QCD and EW corrections to the di-electron invariaasms
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Fig. 10: QCD and EW corrections to the electron transverseembum.

invariant mass. The QCD corrections are quite flat and pesitiith a value of about5% over the
mass range 200-1500 GeV. The EW corrections are negativeaapdrom about—5% to —10% and
thus partially cancel the NLO-QCD effect. The 2-loop Sudalagarithms (absent in this plot) would
give an additional positive contribution to the cross-sectin Fig. 10 the lepton transverse-momentum
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distribution is shown. The NLO-QCD corrections rise from¥d.@ 35% in the interval considered (100—
1000 GeV). The NLO-EW corrections are negative and fall frea% to —10% over the same range.

3.4.2 Combined QCD and EW effects wRbsBos

In this work we also examine the effects of the initial-stateltiple soft-gluon emission and the domi-
nant final-state EW correction (via box diagrams) on the lghariant-mass distribution of the charged
lepton pairs produced at the LHC. We shall focus on the regf@90 GeV < my, < 1500 GeV, where
my, denotes the invariant mass of the two final-state chargedriepThe fully differential cross section
including the contributions from the initial-state mulgpsoft-gluon emission is given by the resumma-
tion formula presented in Refs. [21, 44, 48, 49]. Furtheendrhas been shown that, above theole
region, the EW correction contributed from the box diagramislving Z andWW exchange is no longer
negligible [7]. It increases strongly with energy and citmites significantly at high invariant mass of
the lepton pair. Hence, we will also include the dominant EMrection via box diagrams in this study.

T T T T T T I T T T T ] 12 T T T T T T T T T ]

10" E (a) = : (b) 7

T f 1 Lk E
8 or T E RB/LB~ RES/LO ]
> 107 E c E
L E = = 4
Q = 3 o 3
=t 1 2,0F E
i~ 1.0 =
S E R . ;
£ f ] : [ :
© 0t 0.9 =
S 107 F 3 E RB/RES= LB/LO E
10-5 i 1 1 I 1 1 1 1 I 1 1 1 1 3 0 E 1 1 I 1 1 1 1 I 1 1 1 1 3
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m+ - (GeV) m+ - (GeV)

Fig. 11: (a) Invariant-mass distributions of the chargexide pair; (b) ratios of various contributions.

For clarity, we introduce below the four shorthand notagion

LO: leading-order initial state,

LO+BOX (LB): leading-order initial state plus theZ /W W box diagram contribution,

RES: initial-state QCD resummation effects,

RES+BOX (RB): initial-state QCD resummation effects plbe £ Z/W W box-diagram contri-
bution.

For this exercise, we consider the electron lepton pairg anld adopt the CTEQ6.1M PDFs [50].
Fig. 11(a) shows the distributions of the invariant mass .- for RES+BOX (RB) (black solid line),
RES only (black dashed line), LO+BOX (LB) (red dashed lineyl O only (red dotted line). It is
instructive to also examine the ratios of various contidng, as shown in in Fig. 11(b). We note that
the initial-state QCD resummation effect and the EW coioectia box diagrams are almost factorized
in the high invariant-mass region, e.g.

dogp ,dopp _ dogrgs ,doro (13)
dmyge " dmyy dmyge " dmyp’
dogrp ,dorps _ dorp ,doro (14)
dmgg " dmyy dmge " dmygp”

The EW correction from the box diagrams reduces the invari@ss distribution slightly around
Me+o— ~ 200GeV and largely & 9%) aroundm, .- ~ 1500 GeV. On the other hand, the initial
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state soft-gluon resummation effect increases the invaneass distribution by an amount 6% at
200 GeV and®% at 1500 GeV. Therefore, the QCD resummation effect domsnawer the EW correc-
tion induced by theZ Z /W W box diagrams in the relatively low invariant-mass regiorg they become
comparable in the high invariant-mass region. The cartaaildboetween both contributions in the high
invariant-mass region causes the net contribution to ksedio the leading order prediction. Finally, we
note that the final state QED correction should also be imdddr predicting precision measurements. A
detailed study including the soft-gluon resummation eféew the full EW correction will be presented
elsewhere.

3.5 Outlook and conclusions

The preliminary results of this contribution show the nawidl interplay between EW and QCD correc-
tions in the high invariant-mass region of the NC DY procé&ss.most of the observables, the NLO EW
corrections are negative and partially cancel the QCD ones.

The NC DY process has been studied in great detail in thealite. This contribution is a first step
towards collecting these different results and augmerttisgh with further studies to obtain an accurate
prediction of this process. We have shown a preliminarystigation which includes, separately, results
on the EW 2-loop Sudakov logarithms, QCD resummation, anab@eation of QCD and EW NLO cor-
rections. The ongoing investigation aims to combine theotdf above in the simulation and complete
them with multiple photon emission and photon-inducedgractsubprocesses. All these effects induce
corrections of the order of a few percent. In addition, theldctron and di-muon final states will be
studied separately in more detail. We also aim to includeeffect of reallt’ and Z boson emission.
This could result in the partial cancellation of virtual E\Wections, but it is dependent upon the defini-
tion of the observables and the experimental analysis. éopteteness, we will include the systematic
uncertainties from the PDFs, energy scale, choice of caionl scheme, higher-order contributions,
showering model and the EW-QCD combination.
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4 COMPARISON OF HORACE AND PHOTOS IN THE Z — ¢t¢~ PEAK REGION *
4.1 Introduction

Precise measurement of gauge boson production crossysedtir pp scattering will be crucial at the

LHC. W/Z bosons will be produced copiously, and a careful measureofeheir production cross-

sections will be important in testing the Standard Model [$hbre rigorously than ever before to po-
tentially uncover signs of new physics.

Currently, no Monte Carlo (MC) event generators exist thatudeboth higher order QCD and
electroweak corrections. In what follows therefore, wel@st® whether it is possible to accurately
describe theZ production cross-section under tlepeak with an event-level generator that includes
only Final State QED Radiation (FSR) corrections (in thedieg-log approximation) instead of the
complete electroweak corrections included in the HORACHEegator. In addition, we estimate the error
that results if one chooses to use this MC event generatenseh

4.2 Impact of Electroweak Corrections onZ Production Cross-Section.

The lack of a MC event generator that incorporates beyordingeorder corrections in both the elec-
troweak and QCD calculations, leads us to study which ofdineections contribute dominantly under the
Z peak. By far the largest correction comes from inclusion bONQCD calculations. These produce a
change in the cross-section of 20% or more [51], dependirtge# kinematic region considered. What
we wish to determine then is the error imposed through inetudnly the leading-log FSR contributions
instead of the exaaP(«) corrections matched with higher-order QED radiation thxégten HORACE.
(since these are currently all that can be incorporatedditiad to the NLO QCD corrections).

In order to study this error we used HORACE [52-55], a MC egamterator that includes exact
O(«) electroweak radiative corrections matched to a leadigg&D parton shower, and compared it
to a Born-level calculation with final-state QED correcsoadded. The latter QED corrections were
calculated by the program PHOTOS [56-58], a process-imdkpeg module for adding multi-photon
emission to events created by a host generator.

In the following we comparegp — Z/+* — [T1~ events generated by HORACE with the full
1-loop corrections (as described above) and parton-sieamgith HERWIG, to these events generated
again by HORACE, but with only the Born-level calculatiomdashowered with HERWIG+PHOTOS.
The results are shown in Figs. 12—20. In addition, the tatadipction cross-sections &f — ¢/~ with
and without a mass cut around tegpeak and kinematic acceptance cuts are provided in Table 3.

The histograms of the boson distributions (Figs. 12—14) show that the HORACE Bevel
calculation and Born-level with PHOTOS FSR are the sames iBrexpected, since PHOTOS does not
modify the properties of the pareat The higher order calculation gives a visible differenceross-
section forM; > 100 GeV/c?, as is shown in Fig. 21. For the invariant mass of the leptdn (pa
Fig. 15 we show this for muons), however, the two calculatiagree nicely. The much better agreement
(from the PHOTOS corrections) is highlighted in Fig. 22. $any there is good shape agreement for the
other lepton kinematic quantities shown in Figs. 16 and h7etms of the acceptance, this agreement
is quantitatively demonstrated to be better than 1%, as shiowable 3. A reasonable agreement in
the number of FSR photons emitted, and their transverse moimespectra, between PHOTOS and
HORACE is also shown in Figs. 18-20.

We conclude that the errors due to not including the commégetroweak one-loop corrections
are below thd % in the region of theZ peak as far as integrated cross sections are considered.

4Contributed by: N.E. Adam, C.M. Carloni Calame, V. Halyo,Shepherd-Themistocleous
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7 — ¢T¢~ Production Cross-Section

o(No PS) | o(Cuts Loose)| o(Cuts Tight)
HORACE Born 1984.2 +2.0 | 1984.2 +2.0 612.5 £ 1.1
HORACE Born+PHOTOS 1984.2 +2.0 | 1964.6 & 2.0 597.6 £ 1.1
HORACE EWK Corr. 1995.7+2.0 | 1961.4 +2.0 595.3 £ 1.1
Error 0.58+ 0.14% | 0.16+4+ 0.14% | 0.38+ 0.26 %

Table 3: Calculation of th&/v* — £1¢~ cross-section at various orders of electroweak corregtising HORACE 3.1 [52—
55]. The first column gives the generator level cross-seatibh no QCD parton showering (No PS). This cross-sectidhas
same for the Born calculation, and the Born calculation WRHOTOS corrections, since PHOTOS does not modify the inital
cross-section. The PDF calculations are from CTEQ6.5M haddose cut region is defined a%,, > 40 GeV/c?, p% > 5
GeVle, and|n.| < 50.0, while the tight cut region is defined @8 < M, < 140 GeVic?, p& > 20 GeVle, and|ne| < 2.0.

In the first column we show the total generator-level cresdisn before parton showering. The events are generatie in
kinematic region defined b/, > 40 GeV/c?, p% > 5 GeVie, and|n,| < 50.0.
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electroweak and QED corrections showered with HERWIG (opérsquares), HORACE Born-level showered with HERWIG
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PHOTOS corrections, for the generatéanass. In this case PHOTOS corrections do not contribute.
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5 ELECTROWEAK CORRECTIONSTO pp — Wj?®
5.1 Introduction

At the LHC, electroweak gauge bosons can recoil against jeésdeaching very high transverse mo-
menta, up to 2 TeV or even beyond. These reactions represémipartant background for new-physics
searches. Moreover they can be used to determine the pastabudion functions or to measure; at

the TeV scale. In this kinematic region, the electroweakezions are strongly enhanced by Sudakov
logarithms of the forrﬂn(é/MVQV) and may amount to tens of percent at one loop and severalpeice
two loops® The electroweak corrections pp — Zj andpp — ~j were studied in Refs. [37, 38, 60, 61].
The electroweak corrections fgp — W have been recently completed by two groups [39, 62, 63].
Besides the full set of quark- and gluon-indua@(v) reactions, these two calculations include different
additional contributions that turn out to be important aghthiransverse momenta: two-loop Sudakov
logarithms [39, 62] and photon-induced processes [63]. M @bserve that, while the calculation of
Ref. [63] is completely inclusive with respect to photon ssion, the definition of th&;j cross section
adopted in Refs. [39, 62] is more exclusié’~ final states are rejected requiring that the final-state jet
has a minimum transverse momentum. However, the humessalts indicate that this difference in
the definition of the observable has a quite small impact erstbe of the corrections. In the following
we present the results of Refs. [39,62]. In Sect. 5.2 we defieeexclusivepp — W cross section
and discuss the treatment of final-state collinear singiglarusing quark fragmentation functions. Com-
pact analytic formulae for the high-energy behaviour of ¢éine- and two-loop virtual corrections are
presented in Sect. 5.3. Real-photon bremsstrahlung ilybdiscussed in Sect. 5.4 and the numerical
results are given in Sect. 5.5. For a discussion of QCD ctiorecwe refer to Refs. [19, 64—67].

5.2 Observable definition

The hadronic reactiopp — W= () receives contributions from various partonic subproceséehe
typeqq — WEg(v), g¢ — W*q'(v), andgg — W= (v). Details concerning the implementation of
PDFs and quark-mixing effects can be found in Ref. [39]. i fibllowing we focus on the transverse
momentum £) distributior! for a generic partonic subprocess — W*k(vy),

d&abawik(w) 1

_W* ab— +
e = o [/d% M=V "3|2F072(<I>2)+/d<1>3 IMPTWERI2 Fo 5(®3) | -(15)

Hered®y andFo n(® ) denote the phase-space measure and the observable fundhenV-particle
final-state phase space. The soft and collinear divergearcaag from virtual and real photons need to
be extracted in analytic form and, after factorization dfié-state collinear singularities, the singular
parts of virtual and real corrections must cancel. Since kgeirgderested ird/-boson production in
association with a hard jet, we define

Fon(®n) = d(pr — pr,w)0(pT, — PT), (16)

requiring a minimum transverse moment;pl"li*lm for the final-state partoh = g, ¢, g. This observable is
free from singularities associated with soft and collin@&D partons. However, for partonic channels
involving final-state quarks (or anti-quarks), the cutzar, restricts the emission of collinear photons
off quarks and gives rise to collinear singularities. Theswgularities can be factorized into quark
fragmentation functions [68, 69]. Let us consider the gyarkton collinear region,

Ryy = \/(nq —1y)? 4+ (¢g — 4)* < Rsep, (17)

SContributed by: A. Kulesza, S. Pozzorini, M. Schulze
SFor a recent survey of the literature on electroweak Sudigarithms and their impact at the LHC see Refs. [39, 59].
Summing and averaging over colour and polarization is iaihfiunderstood.
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where the rapidity and azimuthal-angle separation betysbeton and quark becomes small. In practice
one can split the 3-particle phase space accordidgte(®s) = F7’5(P3) — AFo 3(P3), where in

FreC((I>3) = (5(pT — PT, W) [H(Rq'y - Rsep)e(pT q p%?) + H(Rsep - qu)] (18)

the pr 4-cut is imposed only outside the collinear region. This dbation is collinear safe and corre-
sponds to the case where collinear photon-quark pairs Bjth< R, are recombined. The remainder,

AFp3(®3) = 6(pr — pr,w)0(Reep — Rgy)0(PE} — p1,g), (19)

describes the effect of ther ,-cut inside the collinear region. This contribution can lescfibed by
means of quark fragmentation functioPy, (») a$

1 , d qgﬂW:‘: 1

— / d®s [MTI=WED 2 ARG 4(Bg) = / dz Dy (2), (20)

25 ’ dpr Zanin

wherez = pr,/pr,w andzyi, = 1 — p%“?/pfnw. The collinear singularities were factorized into the

fragmentation function, and using a parametrization @erivom measurements of isolated hard photons
2

in hadronicZ decays [69] we obtaineB, (z) = %%[qu(z) In (2Rseppr,w/0.14 GeV)? + z —13.26].

For Reep < O(1) and a wide range of transverse momeﬂyﬁ?jg‘ < prw < 2TeV, we found that the

AFp 3-contribution (20) does not exceed two permille of the cresstion. Therefore we could safely

neglect this contribution and perform the calculation gsfi 3(®3) ~ Fgfg(@g) for final-state (anti-)

quarks. We also checked that this approximation is veryetadminst variations ok, [39].

5.3 Virtual corrections

The electroweak couplings were renormalized in @gscheme, wheree = /2 G, M2, s% /m and
s2, = 1—c? = 1— M3, /M%. For transverse momenta©f 100 GeV) or beyond, the virtual corrections
are dominated by logarithms of the tyhf{é/M‘%V). In addition, the virtual corrections involve divergent
logarithms of electromagnetic origin. The logarithms f&sg from photons with virtuality smaller than
My have been subtracted from the virtual corrections and coeabivith real-photon emission. As a
result, the (subtracted) virtual and real corrections e from large logarithms involving light-fermion
masses, and the bulk of the electroweak effects is isolatdteivirtual part (see Sect. 5.5). At one loop,
the double and single electroweak logarithms (NLL appr@tion) can be derived from the general
results of Ref. [70]. For thad — W g subprocess,

ud—W+g2 NLL ud—Wtg2 o _ew 2 |§| N |§|
M RSPV | {1+ (—%){ co [m <—Mv2v> 3In <—M5v
Ca |t] o (11 o (13|
T 282 [m <M2 ) +1n M) n M2, ’ (1)

wheres = (p, +pg)?, t = (pu — pw)% @ = (pg — pw)?, Cov = Cr/sy, +1/(36c3,), Cr = 3/4,
Cp =2 and|/\/l“‘HW+ 1? = 32m2as(a/s2, ) (£ + 42 + 2ME,3) /(t0). This result is easily extended to
all relevant partonic reactions by means of CP and crossimgretries.

The exact one-loop expression for the (subtracted) vidaakections has the general form

. s 16ma?
|M1d W+g|2 _ [1—1—2Re ((SCA+6CN)] |M0d W+g|2+ 77025 aSRe{2 5 Hl (MW) (22)

Sw

368U(2) 5 (1) 6SU(2) o oo
* Z 452 360 H1 (M) + 95 2 (2H1 (M{) — Hj (Mv)) - 7H1 (My)| ¢,
V=A7Z

8For a detailed discussion we refer to App. A of Ref. [39].
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Whereéii( ) = sW, Xa=-1, 6A(1) cZ, 5SU(2) =3, Xz=1 and(SU(Zl) = s2,. Explicit expressions
for the functlonsHl(MV) and the counterterm%(]A SCN can be found in Ref. [39]. Here we present
compact NNLL expressions in the high-energy limit. Thism@pgmation includes all terms that are not

suppressed by powers 813, /3. The NNLL expansion of the loop diagrams involving massieege
bosons {fyy = Mz, Myy) yields
In? (E)
S

f2 — 42 5 1
+7i—3}+ U {1112 <—> ~In? <9> +3ln<
3 2t $ 3

f2+a2 M § § 3
Aras2y 2
5 (U t U
+In“(—-)+n(=<)+n| =
s s s
t t 1 t M2
—3ln<7>}—|—2 ln2<7>+ln2<g>+ln<7>—|—ln< > —21n< ¥>+47r2,
3 S S S MW
2 4+ 42 - M2 M2 -3 1
N 2 _ 7Z Vv 2
) = S o[ e (1) e () ot (55) -
— —1 —1 3 t u
2 2 2 2 2
+In <—M5V> +In <M‘2/> + In <M2 ) §lln <§> + In <§>

w | 2

)

H¥ME) = [2111 (Mv> +ln<£> +1n (%) —3], (23)

whereAyy = 1/e — vg + In(47) + In (?/M%). For the loop functions associated with photons we
obtain H{ (M%) = HH(M3,) + %KI with KA = 72, KN = 21/y/3 — 772 /9, and KX = K'Y = 0.
The functions describing the photonic and fi&boson contributions differ only by non-logarithmic
terms, since the logarithms from photons with virtualityaler than/y; have been subtracted.

At two loops , using the general results for leading- and #@eading electroweak logarithms

in Refs. [71, 72] and subtracting logarithms from photonthwirtuality smaller thanMyy,, we obtain
‘Mud—»W+g|2 |Mud~>W+ |2 ( )2A 2)|Mudﬂw+ |2 with

C 3] H Ca i
2 _ ew | YA ew o 3 A 4R
A (C’ + 552 > Cyl [ (M%/) 61n <M5V + 252 [ln M2
5 b (Y, \> b C E
Int |4l g E 1 [ tay _2 AN s (2l 24
+ <M2 n —M§V]+6c2 )+ G ) | () @

VV
whereb; = —41/(6¢2,) andby = 19/(65%,).

5.4 Real photon radiation

We performed two independent calculations of real photemisstrahlung using the dipole subtraction
method [73-75]. In the first calculation, we used the sulitaanethod for massive fermions [73] reg-
ularizing soft and collinear singularities by means of drphbton and fermion masses. In the second
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Fig. 23: Electroweak correction jgp — W j aty/s = 14 TeV: (a) relative NLO (dotted), NLL (thin solid), NNLL (squares
and NNLO (thick solid) correction wrt. the L@r-distribution; (b) NLO (dotted) and NNLO (solid) correati®to the integrated
cross section and estimated statistical error (shadedl area

calculation we used massless fermions and we subtractesintpelarities in the framework of dimen-
sional regularization [74, 75]. The initial-state collaresingularities were factorized in théS scheme.
This procedure introduces a logarithmic dependence on Ei@ factorization scal@qrp, which must
be compensated by the QED evolution of the PDFs. Since oculedibn is of LO inag, for consistency
we should use LO QCD parton distributions including NLO QEE2&s. However, such a PDF set
is not availabl€. Thus we used a LO QCD PDF set without QED corrections [76], wadhose the
value of uqep in such a way that the neglected QED effects are small. In[Ref.it was shown that
the QED corrections to the quark distribution functionsvgreith 1.qep but do not exceed one percent
for ugep < 100 GeV. Thus we sefiqrp = My . Photon-induced processes were not included in our
calculation. These contributions are parametrically segged by a factar/ag. However in Ref. [63]

it was found that, at very larger, these photon-induced effects can amount to several gercen

5.5 Numerical results

The hadronic cross section was obtained using LO MRST20HsHD5] at the factorization and renor-
malization scalgug,.p, = p7. For the jet we required a minimum transverse momengifit} =

100 GeV, and the value of the separation parameter in (17) was def.to= 0.4. The input parameters
are specified in Ref. [39]. Here we present the electrowealections topp — W5 at/s = 14 TeV.

The corrections téV — production are almost identical [39]. In Fig. 23a we plot thitive size of the
electroweak corrections wrt. the LI -bosonpr-distribution. The exaot)(«) correction (NLO curve)
increases significantly withr and ranges from-15% atpr = 500 GeV to —43% atpr = 2TeV. This
enhancement is clearly due to the Sudakov logarithms tegtrasent in the virtual corrections. Indeed
the one-loop NLL and NNLL approximations, which describe thrtual part of the corrections in the
Sudakov regime, are in very good agreement with the full Ne€utt. The difference between the NLO
and NNLO curves corresponds to the two-loop Sudakov Idyast Their contribution is positive and
becomes significant at highy. It amounts to+3% atpr = 1 TeV and+9% atpp = 2 TeV. In Fig. 23b

we consider the integrated cross sectiongpr> p'"* and, to underline the relevance of the large elec-
troweak corrections, we compare the relative NLO and NNL@emions with the statistical accuracy
at the LHC. This latter is estimated using the integratedmasity £ = 300fb—! and the branching ratio
BR(WW — ev, + pv,) = 2/9. The size of the NLO corrections is clearly much bigger thendtatistical
error. Also the two-loop logarithmic effects are signifitan terms of the estimated statistical error they
amount to 1-3 standard deviations far of O(1 TeV). The relative importance of the virtual{.O;)

and real NLO,.,) contributions is shown in Fig. 24a. The electromagnetgatithms have been sub-
tracted from the virtual part and added to the real one asamqd in Sect. 5.3 As a consequence, the

The currently available PDFs incorporating NLO QED cori@ts (MRST2004QED) include QCD effects at the NLO.
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Fig. 24: pr-distribution of I bosons in the process — W*j at+/s = 14TeV: (a) relative importance of the virtual
(NLOyirt) and real NLO,..1) corrections; (b) precision of the NNLL (solid) and NLL (deesl) one-loop approximations.

bulk of the corrections is isolated in the virtual part, whigrows withpt and amounts up te-42% at

pr = 2TeV. In contrast, the real part represents a small and nearfstaoincorrections of about1%.

In presence of additional cuts on hard photddg,0,., becomes more negative and can amount up to
—5% for pr ~ 1TeV [39]. As illustrated in Fig. 24b, the NLL and NNLL one-loop @pximations
provide a very precise description of the high-energy bighe\of theNLO,;,¢ part. Forpr > 200 GeV,

the precision of the NLL and NNLL approximations is bettearti0~2 and10~3, respectively.

Conclusions

We evaluated the electroweak corrections to large trassv@omentum production & bosons at the
LHC, including the contributions from virtual and real pbos. The singularities resulting from photons
with virtuality smaller than\/y; have been subtracted from the virtual contributions andiioed with
real-photon bremsstrahlung. As a result, the bulk of thetedereak effects is isolated in the virtual
contributions, which are enhanced by Sudakov logarithnasgare rise to corrections of tens of percent
at highpp. We presented compact analytic approximations that desthiese virtual effects with high
precision. The complet®(«) corrections range between -15% and -40%5@0 GeV < pr < 2TeV.
Considering the large event rate at the LHC, leading to byfg@od statistical precision even at transverse
momenta up to 2 TeV, we evaluated also the dominant two-laggaov logarithms. In the highr
region, these two-loop effects increase the cross sectidsr10% and thus become of importance in
precision studies.
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6 SOME INTERESTING MIN-BIAS DISTRIBUTIONS FOR EARLY LHC RUN S10
6.1 Introduction

At first glance, the confined nature of both the initial andIfstate implies that there are no perturbatively
calculable observables in inelastic hadron-hadron ¢ofiss Under ordinary circumstances, however,
two powerful tools are used to circumvent this problem,ddsation and infrared safety. The trouble
with minimume-bias and underlying-event (MB/UE) physic$hat the applicability of both of these tools

is, at best, questionable for a wide range of interestingmables.

To understand why the main perturbative tools are ineffectiet us begin with factorisation.
When applicable, factorisation allows us to subdivide takwation of an observable (regardless of
whether it is infrared safe or not) into a perturbativelyccddble short-distance part and a universal
long-distance part, the latter of which may be modeled antstcained by fits to data. However, in
the context of hadron collisions the oft made separation ‘ihard scattering” and “underlying event”
components is not necessarily equivalent to a clean separatterms of formation/fluctuation time,
since the underlying event may contain short-distanceipbiygs its own. Regardless of which definition
is more correct, any breakdown of the assumed factorisatoitd introduce a process-dependence of
the long-distance part, leading to an unknown systematiemainty in the procedure of measuring the
corrections in one process and applying them to another.

The second tool, infrared safety, provides us with a classbsktrvables which are insensitive
to the details of the long-distance physics. This works ugdoections of order the long-distance
scale divided by the short-distance scalgy /@7y, where the powen depends on the observable in
question and)r,yv denote generic infrared and ultraviolet scales in the @rblSince)r /Quyv — 0
for large Quv, such observables “decouple” from the infrared physicoag bs all relevant scales are
> Qrr. Infrared sensitive quantities, on the other hand, corgjarithmslog™ (Q%,/Q?# ) Which grow
increasingly large a@r/Quv — 0. In MB/UE studies, many of the important measured distring
are not infrared safe in the perturbative sense. Take partialtiplicities, for instance; in the absence
of non-trivial infrared effects, the number of partons thauld be mapped to hadrons in a naive local-
parton-hadron-duality [78] picture depends logarithrtycan the infrared cutoff.

We may thus classify collider observables in four categotieast intimidating are the factorisable
infrared safe quantities, such as tReratio in e™e~ annihilation, which are only problematic at low
scales (where the above-mentioned power corrections ckamdsg. Then come the factorisable infrared
sensitive quantities, with the long-distance part parasext by process-independent non-perturbative
functions, such as parton distributions. Somewhat naatemnon-factorised infrared safe observables.
An example could here be the energy flow into one of Rick Feeltfansverse regions” [79]. The
energy flow is nominally infrared safe, but in these regiotere bremsstrahlung is suppressed there
can be large contributions from pairwise balancing misij@hich are correlated to the hard scattering
and hence do not factorise according to at least one of theititefis outlined above (see also [80, 81]).
The nastiest beasts by all accounts are non-factorisedréafrsensitive quantities, such as the particle
multiplicity in the transverse region.

The trouble, then, is that MB/UE physics is full of distritaris of the very nastiest kinds imag-
inable. Phenomenologically, the implication is that theaditetical treatment of non-factorised and non-
perturbative effects becomes more important and the irgton of experimental distributions corre-
spondingly more involved. The problem may also be turnedradpnoting that MB/UE offers an ideal
lab for studying these theoretically poorly understoodnameena; the most interesting observables and
cuts, then, are those which minimise the “backgrounds” fbatter-known physics.

As part of the effort to spur more interplay between thesr&stid experimentalists in this field,
we here present a collection of simple min-bias distrimgithat carry interesting and complementary
information about the underlying physics, both pertusaénd non-perturbative. The main point is

Contributed by: P. Z. Skands
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Showers MPp, cutoffat FS Colour Shower Proton Tevatron

Model  off MPI  1.96 — 14TeV  Correlations Ordering Lumpiness Constraints
fast

A No 2.04 = 3.34 Strong Q? More MB, UE
DW No 1.94 4 317 Strong Q2 More  MB, UE, DY
DWT No 1.94 slow 2.66 Strong Q? More MB, UE, DY
S0 Yes  1.88°% 257 Strong Il Less MB, DY
SOA Yes  1.89 ¥3.09 Strong Il Less MB, DY
ATLAS  No 2.00 1% 2,75 Weak Q2 More UE

Table 4: Brief overview of models. Note that the IR cutoff ese models is not imposed as a step function, but rather as a

slow

smooth dampening, see [88,89]. The lab&sand Y refer to the pace of the scaling of the cutoff with collideeggy.

that, while each plot represents a complicated cocktailhgsjes effects, such that most models could
probably be tuned to give an acceptable description obiskervay observable, it is very difficult to
simultaneously describe the entire set. It should theeel® possible to carry out systematic physics
studies beyond simple tunings. For brevity, this text onlgludes a representative selection, with more
results available on the web [82]. Note also that we haveleéreut several important ingredients which
are touched on elsewhere in these proceedings, such asatiissrinvolving explicit jet reconstruction
and observables in leading-jet, dijet, jet + photon, andlPfan events. See also the underlying-event
sections in the HERA-and-the-LHC [83] and Tevatron-for< [84] writeups.

6.2 Models

We have chosen to consider a set of six different tunes of #ie1A event generator [85], called A,
DW, and DWT [79, 84], SO and SOA [86], and ATLAS-DC2 / Rome [8Hor min-bias, all of these
start from leading order QCR2 — 2 matrix elements, augmented by initial- and final-state shew
(ISR and FSR, respectively) and perturbative multiple graihteractions (MPI) [88, 89], folded with
CTEQSL parton distributions [90] on the initial-state sated the Lund string fragmentation model [91]
on the final-state side. In addition, the initial state isreloterised by a transverse mass distribution
roughly representing the degree of lumpiness in the ptétand by correlated multi-parton densities
derived from the standard ones by imposing elementary sigs suich as momentum conservation [88]
and flavour conservation [94]. The final state, likewise,uBjsct to several effects unique to hadronic
collisions, such as the treatment of beam remnants (efgctia the flow of baryon number) and colour
(re-)connection effects between the MPI final states [8®BB

Although not perfectly orthogonal in “model space”, theseets are still reasonably complemen-
tary on a number of important points, as illustrated in tabCélumn by column in tab. 4, these dif-
ferences are as follows: 1) showers off the MPI are only ihetlin SO(A). 2) the MPI infrared cutoff
scale evolves faster with collision energy in tunes A, DWJ &DA than in SO and DWT. 3) all models
except the ATLAS tune have very strong final-state colouratations. 4) tunes A, DW(T), and ATLAS
useQ?-ordered showers and the old MPI framework, whereas tungs) $8e the new interleavegl, -
ordered model. 5) tunes A and DW(T) have transverse masghdigins which are significantly more
peaked than Gaussians, with ATLAS following close behimt] S0(A) having the smoothest distribu-
tion. 6) the models were tuned to describe one or more of rigig-{/1B), underlying-event (UE), and/or
Drell-Yan (DY) data at the Tevatron.

Tunes DW and DWT only differ in the energy extrapolation avrayn the Tevatron and hence are

HNote that the impact-parameter dependence is still asstenemtised from the: dependence in these modefgx, b) =
f(x)g(b), whereb denotes impact parameter, a simplifying assumption thatdoyneans should be treated as inviolate, see
e.g. [81,92,93].
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Fig. 25: Charged particle multiplicity distributions, addicial (top) and generator (bottom) levels, for the Teva{lleft) and
LHC (right). The fiducial averages range frah3 < (Na,) < 3.6 at the Tevatron td3.0 < (Ne,) < 19.3 at the LHC.

only shown separately at the LHC. Likewise for SO and SOA. ¥gret not including a comparison to
other MB/UE Monte Carlo generators, but note that the SO(8Jlefs are very similar toYrHia 8 [96],
apart from the colour (re-)connection model and some didsleonnected with the parton shower,
and that the 8ERPA [32] model closely resembles th@?-ordered models considered here, with the
addition of showers off the MPI. TheMMy add-on to HERWIG [97, 98] is currently only applicable to
underlying-event and not to min-bias.

6.3 Results

In this section we focus on the following distributions foelastic non-diffractive events at the Tevatron
and LHC: charged particle multiplicity? (N, ), dNew/dp, , dNen /dn, the average | vs. Ny, correla-
tion, the forward-backwardv,, and £, correlations vsn, as well as a few plots of theoretical interest
showing the multiplicity distribution of multiple interions P(Ni,;). On most of the plots we include
the effects of fiducial cuts, which are represented by the;eut> 0.5 GeV and|n| < 1.0 (|n| < 2.5) at
the Tevatron (LHC).

The charged particle multiplicity is shown in fig. 25, botleluding fiducial cuts (top row) and at
generator-level (bottom row). Tevatron results are shanthe left and LHC ones to the right. Given the
amount of tuning that went into all of these models, it is nopsising that there is general agreement on
the charged track multiplicity in the fiducial region at thevatron (top left plot). In the top right plot,
however, it is clear that this near-degeneracy is brokeheat HC, due to the different energy extrap-
olations, and hence even a small amount of data on the chaaggdmultiplicity will yield important
constraints. The bottom row of plots shows how things loothatgenerator-level, i.e., without fiducial
cuts. An important difference between the ATLAS tune anddtiver models emerges. The ATLAS tune
has a significantly higher component of unobserved chargdtpficity. This highlights the fact that
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Fig. 26: Charged particle, spectrum, generator-level only. Insets show the regioovb&lGeV on a linear scale. The fiducial
distributions [82] are very similar, apart from an overalmalisation and the cut at, = 0.5 GeV.
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Fig. 27: Charged particle density vs. pseudorapidity, fialwdistribution only. The generator-level ones can be tbah[82].

extrapolations from the measured distribution to the gatedevel one are model-dependent.

The cause for the difference in unobserved multiplicity lsameadily identified by considering the
generator-leveb | spectra of charged particles, fig. 26. The small insets shewegion below 1 GeV on
a linear scale, with the cut at. = 0.5 GeV shown as a dashed line. Below the fiducial cut, the ATLAS
tune has a significantly larger soft peak than the other nsodéie SO model, on the other hand, has a
harder distribution in the tail, which also causes SO to reglightly larger overall multiplicity in the
central region, as illustrated in the fiducial pseudordpidistributions, fig. 27. Apart from the overall
normalisation, however, the pseudorapidity distributialmost featureless except for the tapering off
towards largen| at the LHC. Nonetheless, we note that to study possible eotwbative fragmentation
differences between LEP and hadron colliders, quantitiaswould be interesting to plot vs. this axis
would be strangeness and baryon fractions, sudﬁ[@SS/NCh andNyo/(Nyo + Njzo), as well as the the
p1 spectra of these particles. With good statistics, alsoiratrtinge baryons would carry interesting
information, as has been studiedpim collisions in particular by the STAR experiment [99, 100].

Before going on to correlations, let us briefly consider hinve multiplicity is built up in the
various models. Fig. 28 shows the probability distributadrithe number of multiple interactions. This
distribution essentially represents a folding of the npldtiinteractions cross section above the infrared
cutoff with the assumed transverse matter distributionstlyj the ATLAS and Rick Field tunes have
almost identical infrared cutoffs and transverse masslpsddind hence look very similar. (Since ATLAS
and DWT have the same energy extrapolation, these are thesmukar at LHC.) On the other hand,
the SO(A) models exhibit a significantly smaller tail towsutdrge numbers of interactions caused by a
combination of the smoother mass profile and the fact thaivtiReare associated with ISR showers of
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Fig. 28: Probability distribution of the number of multiglgteractions. The averages range fr8fi < (Nint) < 6.1 at the
Tevatron tol.7 < (Nint) < 11.2 at the LHC.
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Fig. 29: The average track transverse momentum vs. the muhbacks, counting fiducial tracks only, for events witHesst
one fiducial track.

their own, hence each takes a biggdraction.

Fig. 29 shows the first non-trivial correlation, the averagek momentum (counting fiducial
tracks only) vs. multiplicity for events with at least oneached particle passing the fiducial cuts. The
general trend is that the tracks in high-multiplicity eveate harder on average than in low-multiplicity
ones. This agrees with collider data and is an interestisgmfation in itself. We also see that the tunes
roughly agree for low-multiplicity events, while the ATLASNe falls below at high multiplicities. In the
models here considered, this is tightly linked to the wea&lfgtate colour correlations in the ATLAS
tune; the naive expectation from an uncorrelated systentriofys decaying to hadrons would be that
(p.) should be independent df.,. To make the average, rise sufficiently to agree with Tevatron
data, tunes A, DW(T), and SO(A) incorporate strong colouradations between final-state partons from
different interactions, chosen in such a way as to minimigeresulting string length. An alternative
possible explanation could be Cronin-effect-type resciys of the outgoing partons, a preliminary
study of which is in progress [101].

An additional important correlation, which carries infation on local vs. long-distance fluctua-
tions, is the forward-backward correlation strengthdefined as [88,102,103]

- <<§%§>— <r<LF§2> | -

wherenr (np) is the number of charged particles in a forward (backwasduporapidity bin of fixed
size, separated by a central intervalh centred at zero. The UAS5 study [102] used pseudorapidity
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Fig. 30: Generator-level forward-backward correlatioeisgth,b, for charged particles (top) and transverse energy (bgttom

bins one unit wide and plotted the correlation vs. the rapidifference,An. For comparison, STAR,
which has a much smaller coverage, uses 0.2-unit wide bidé].[LHowever, as shown in a recent
study [105], small bins increase the relative importancgatistical fluctuations, washing out the genuine
correlations. For the Tevatron and LHC detectors, which hbsve small coverages, we therefore settle
on a compromise of 0.5-unit wide bins. We also choose to petrésult vs. the pseudorapidity of the
forward bin,nr ~ An/2, such that the: axis corresponds directly to a pseudorapidity in the detect
(the backward bin is then situated symmetrically on therogige of zero). Fig. 30 shows the generator-
level correlations, both for charged particles (top rowl éor a measure of transverse energy (bottom
row), here defined as the, sum of all neutral and charged patrticles inside the relexegpitlity bins.
Note that we let ther axis extend to pseudorapidities of 5, outside the measairgglion, in order to
get a more comprehensive view of the behaviour of the digidh. The fact that the ATLAS and SO(A)
distributions have a more steeply falling tail than A and OW4gain reflects the qualitatively different
physics cocktails represented by these models. Our temtetinclusions are as follows: Rick Field’'s
tunes A, DW, and DWT have a large number of multiple intecaxgj cf. fig. 28, but due to the strong
final-state colour correlations in these tunes, the maiacefdf each additional interaction is to add
“wrinkles” and energy to already existing string topolagid heir effects on short-distance correlations
are therefore suppressed relative to the ATLAS tune, whibibés similar long-distance correlations but
stronger short-distance ones. SO(A) has a smaller totabaunf MPI, cf. fig. 28, which leads to smaller
long-distance correlations, but it still has strong sliistance ones. In summary, thelistributions are
clearly sensitive to the relative mix of MPI and shower attivThey also depend on the detailed shape
of fig. 28, which in turn is partly controlled by the transvematter density profile. Measurements of
these distributions, both at present and future collidemjld therefore add another highly interesting
and complementary piece of information on the physics @lckt
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6.4 Conclusion and outlook

We have illustrated some elementary distributions in st@a non-diffractive events at the Tevatron
and LHC, as they look with various tunes of the two underly&vgnt models in the YPrHiA event
generator. In particular, taking the charged particle iplidity distribution to set the overall level of
the MB/UE physics, the, spectrum of charged particles and the ) (Vo) correlations then add
important information on aspects such as final-state caorrelations. Identified-particle spectra would
yield further insight on beam remnants and hadronizatioa hadron-collider environment. Finally,
correlations in multiplicity and energy vs. pseudorapidiin be used to extract information on the
importance of short-distance vs. long-distance coriatati which (very) roughly correspond to the type
of fluctuations produced by shower- and multiple-inte@cictivity, respectively.

By comparing the multiplicity distributions with and withibfiducial cuts, we note that the ex-
trapolation from observed to generator-level distribogican be highly model-dependent. It is therefore
important to extend the measured region as far as possibletlim andp .

On the phenomenological side, several remaining issudd stilll be addressed without requiring
a more formal footing (see below). These include partonatésing effects (Cronin effect) [101], cor-
relations between- and impact-parameter-dependence in the multi-partonsH80; 92, 93], saturation
and smallz effects [106], improved modeling of baryon production [8d7, 108], possible breakdowns
of jet universality between LEP, HERA, and hadron collidensd closer studies of the correspondence
between coherent phenomena, such as diffraction andceksittering, and inelastic non-diffractive
processes [81, 109].

Further progress would seem to require a systematic way mfowng on the phenomenological
models, both on the perturbative and non-perturbativessiddich necessitates some degree of for-
mal developments in addition to more advanced model bgjldiFhe correspondence with fixed-order
QCD is already being elucidated by parton-shower / matgraent matching methods, already a well-
developed field. Though these methods are currently apptiestly to X +jet-type topologies, there
is no reason they should not be brought to bear on MB/UE phyascwell. Systematic inclusion of
higher-order effects in showers (beyond that offered bgvet choices” of ordering, renormalisation,
and kinematic variables) would also provide a more solichétation for the perturbative side of the cal-
culation, though this is a field still in its infancy [110, J1To go further, however, factorisation in the
context of hadron collisions needs to be better understoahably including by now well-established
short-distance phenomena such as multiple perturbattegaictions on the “short-distance” side and,
correspondingly, correlated multi-parton PDFs on the ¢lalistance” side. It is also interesting to note
that current multiple-interactions models effectively@amt to a resummation of scattering cross sec-
tions, in much the same way as parton showers represent mmedion of emission cross sections.
However, whereas a wealth of higher-order analytical tesx:ist for emission-type corrections, which
can be used as useful cross-checks and tuning benchmagarfon showers, corresponding results for
multiple-interactions corrections are almost entirelgezii. This is intimately linked to the absence of a
satisfactory formulation of factorisation.

On the experimental side, it should be emphasised that teareich more than Monte Carlo
tuning to be done in MB/UE studies, and that data is vital tmlgws in both the phenomenological
and formal directions discussed above. Dedicated Tevatiaies have already had a large impact on
our understanding of hadron collisions, but much remairerain. Results of future measurements
are likely to keep challenging that understanding and cpubeide for a very fruitful interplay between
experiment and theory.
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7 PARTON DISTRIBUTIONS FOR LO GENERATORS 12
7.1 Introduction

It has long been known that for certain regions:difiere can be large differences between PDFs extracted
at different orders of perturbative QCD. It happens due tesing higher order corrections both in the
parton evolution and in the MEs, which govern their ext@ttby comparison to experimental data.
In particular, use of PDFs of the wrong order can lead to wroogclusions for the smali- gluon.
Traditionally, LO PDFs are usually thought to be the besiahéor use with LO ME, usually available

in Monte-Carlo programs, though it has been recognisedathsiich results should be treated with care.
However, recently another viewpoint has appeared, narhélysi been suggested that NLO PDFs may
be more appropriate [112]. The argument is that NLO comestto MEs are often small, and the main
change in the total cross-section in going from LO to NLO ie tluthe PDFs.

In this paper we present another approach, which is basedivantges of both the LO and
NLO PDF approximations, and compare all three predicationseveral processes with thiith —
NLO PDFs combined with NLO MES. We interpret the features of the results noting that theee a
significant faults if one uses exclusively either LO or NLOFD We hence attempt to minimise this
problem, and investigate how a best set of PDFs for use witima@ix elements may be obtained.

7.2 Parton Distributions at Different Orders

Let us briefly explain the reasons for the origins of the défeces between the PDFs at different pertur-
bative orders. The LO gluon is much larger at smalhan any NLO gluon at lov)?. The evolution of
the gluon at LO and NLO is quite similar, so at larggt the relative difference is smaller, but always
remains significant. This difference in the gluon PDF is aseguence of quark evolution, rather than
gluon evolution. The smal-gluon is determined by F, /dIn Q?, which is directly related to th€?
evolution of the quark distributions. The quark-gluon #jpig function F,, is finite at smallz at LO,

but develops a smaii-divergence at NLO (and furthén(1/x) enhancements at higher orders), so the
small z gluon needs to be much bigger at LO in order to fit structuretion evolution. There are also
significant differences between the LO and NLO quark distiims. Most particularly the quark coeffi-
cient functions for structure functions MS scheme havin(1 — z) enhancements at higher perturbative
order, and the high-quarks are smaller as the order increases. Hence, the L@ uouch bigger at
smallz, and the LO valence quarks are much bigger at higfthis is then accompanied by a significant
depletion of the quark distribution far ~ 0.01, despite the fact this leads to a poor fit to data.

Let us examine these differences using concrete examphethelright of Fig. 31 we show the
ratio of rapidity distributions foil’-boson production at the LHC for several combination of PD#& a
ME to the truth In this case the quark distributions are probed. Clearlyarmeegenerally nearer to the
truth with the LO ME and NLO PDF [113] than with the LO ME and LO PDF [.7&owever, this is
always too small, since the NLO correction to the ME is largd positive. The depletion of the LO
quark distributions for: ~ 0.006 (corresponding to the centrg) leads to the extra suppression in the
PDF[LO]-ME[LQ] calculation. However, when probing the hig quarks the increase in the LO parton
compensates for the increase in NLO matrix element, and fer2 this gives the more accurate result.
However, overall the shape as a functionydé much worse using the LO parton distributions than the
NLO distributions. The general conclusion is the NLO PDFs/te a better normalization and a better
shape.

This example suggests that the opinion in [112] is correadweél/er, let us consider a counter-
example, the production of charm in DIS, i.€5%(x, Q?). In this case the NLO coefficient function,

Cfg’@) (z, Q% m?) has a divergence at smalhot presented at LO, in the same way that the quark-gluon

2Contributed by: A. Sherstnev, R.S. Thorne
13Since NLO matrix elements are most readily availabi®li®i scheme, we will take this as the default, and henceforth NLO
is intended to mean NLO NS scheme.
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Drell-Yan Cross-section at LHC for 80 GeV with Different Orders
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Fig. 31: Comparison of boson production at the LHC and chanwdysction at HERA using combinations of different orders
of ME and PDF.

splitting function does, the latter being responsible for large difference between the LO and NLO
gluons at smalk. In the right of Fig.31 we see the large effect of the NLO caddfit functions. When
using NLO partons the LO ME result is well below ttrath at low scales. In this case the distribution
is suppressed due to a lack of the divergence in both the Nu@ngand the LO coefficient function.
While the LO PDFs combined with LO coefficient functions i€ agerfect match to thiuth, after all
the smallz divergences are not exactly the same in matrix element dittingpfunction, it is better. In
particular, in this case the NLO PDFs together with the LOrma&iements fail badly.

Hence, from these two simple examples alone we can condhad&dth the NLO partons and the
LO partons can give incorrect results in some processedud &y to find someptimal set of PDFs for
use with LO matrix elements. Due to missing termdu(il — =) andln(1/z) in coefficient functions
and/or evolution the LO gluon is much biggersas— 0 and valence quarks are much largerrass 1.
From the momentum sum rule there are then not enough padgusaround, hence the depletion in the
quark distributions at moderate to smallThis depletion leads to a bad global fit at LO, particulady f
HERA structure function data, which is very sensitive torgugistributions at moderate. In practice
the lack of partons at LO is partially compensated by a LOaetion of much largeas (M%) ~ 0.130.
So, the first obvious modification is to usg at NLO in a LO fit to parton distributions. Indeed the NLO
coupling witha,s (M%) = 0.120 does a better job of fitting the lo@? structure function data.

However, even with this modification the LO fit is still poormpared with NLO. The problems
caused due to the depletion of partons has led to a suggéstibrSjostrand* that relaxing the momen-
tum sum rule for the input parton distributions could make p#tons rather more like NLO partons
where they are normally too small, while allowing the resgitpartons still to be bigger than NLO
where necessary, i.e the smallgluon and highe quarks. Relaxing the momentum sum rule at input
and using the NLO definition of the strong coupling does imprthe quality of the LO global fit. The
x? = 3066/2235 for the standard LO fit, and becomg$ = 2691/2235 for the modified fit with the
same data set as in [113] and using(M2) = 0.120 at NLO. The momentum carried by input partons
goes up ta 13%. We denote the partons resulting from this fit as the LO* padistribution functions.

We can make a simple test of the potential of these LO* parbgnepeating the previous com-

Yprivate comments at ATLAS Generators meeting, CERN, Deeerd®06.

39



PDF| ME |o(pp— Z/y) | K | opp—tq) | K || o(pp—0bb)| K | olpp—tt) | K

NLO | NLO |  2.40 pb 259.4 pb 2.76 b 812.8 pb
LO | LO 1.85pb | 1.30| 238.1pb |1.09| 1.85ub |1.49|| 561.4pb | 1.45
NLO | LO 1.98pb | 1.26| 270.0pb |0.96| 1.56ub |1.77|| 531.0pb | 1.53

LO* | LO 2.19pb 1.09| 297.5pb | 0.87 2.63ub 1.05| 699.4pb | 1.16

Table 5: The total cross sections fags — tq, pp — bb, pp — tt, ando(pp — Z/v — pu) at the LHC. Applied cuts: fobb
(pr > 20 GeV, |n(b)| < 5.0, AR(b,b) > 0.5); for Z/~ (pr (1) > 10 GeV, [nu| < 5.0); no cuts fortf and single t. K-factor
is defined according t& = onro/oro.

parisons. For the W-boson production we are indeed neatbetouth with the LO ME and LO* PDF
than with either LO or NLO PDF. Moreover, the shape using t@& PDF is of similar quality to that
using the NLO partons with the LO ME. So in this case LO* PDF &ahdD PDF are comparably suc-
cessful. The exercise is also repeated for the charm steutiinction at HERA. When using the LO
coefficient function the LO* PDF result is indeed nearesthittuth at low scales, being generally a
slight improvement on the result using LO PDF, and clearlgimietter than that using NLO PDF.

These simple examples suggest that the LO* PDFs may well Isefalitool for use with Monte
Carlo generators at LO, combining much of the advantage iofjute NLO PDF while avoiding the
major pitfalls. However, the examples so far are rather phisticated. In order to determine the best set
of PDFs to use it is necessary to work a little harder. We neexamine a wide variety of contributing
parton distributions, both in type of distribution and raraf z. Also, the above examples are both fully
inclusive, they have not taken into account cuts on the dilar have they taken account of any of
the possible effects of parton showering, which is one ofntlest important features of Monte Carlo
generators. Hence, before drawing any conclusions we vékera wide variety of comparisons for
different processes at the LHC, using Monte Carlo genesatoproduce the details of the final state.

7.3 More examples at the LHC.

We consider a variety of final states fgw collisions at LHC energies. In each case we compare the total
o with LO MEs and full parton showering for the three cases of LO* and NLO parton distributions.

As thetruth we use the results obtained with MC@NLO [23], which combiNg$ QCD corrections
and parton showers. As the main LO generator we use CompHER, [ihterfaced to HERWIG [98],
but pp — bb was calculated by HERWIG only.

The first example is the production 4f/y bosons, decaying to muons. In order to exclude the
dangerous regiom:,, — 0, where the ME at LO has a singularity, we apply some expetatign
reasonable cuts cuigr > 10 GeV and|n| < 5.0. These cuts are more or less appropriate for most
analyses in CMS/ATLAS. The process is dominated byAhgeak. The mechanism is rather similar to
that for W production, but now the initial quarks are the same flavodrthax at zero rapidity is slightly
higher, i.e.zy = 0.0065. The similarity is confirmed in the results. Again all thealotross-sections
using the LO generators are lower than theh, as seen in Table 5, but that using the LO* partons is
easily closest. The distributions in terms of the final sketson or the highegty muon are shown in the
upper and bottom plots of Fig. 32 respectively. For the bdser.O* partons gives comparable, perhaps
marginally better, quality of shapes as the NLO partonspbtter normalization. The LO partons have
the worst suppression at central rapidity, and all partavs gn underestimate of the high- tail. For
the muon the LO* partons give an excellent result for thedigpidistribution until || > 4, better in
shape and normalization that the NLO partons whilst the L@opa struggle at centrgl. Again, as in
W production, thepr distribution of the muon is better than for the boson, andammralization is best
described by the LO* PDFs.

Now we consider a somewhat different process, i.e. theesitup production in the-channel.
At the partonic level the dominant processqigqb) — qt(qt), where theb-quark has been emitted
from gluon. Since the b-quark PDF is calculated based onmgRIOFs, this cross-section probes both
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Fig. 32: The comparison between the competing predictionthe differential cross-section fdéf/~-boson production at the
LHC (upper plots) and for the resulting highestmuon (bottom plots).

the gluon distribution and the quark distributions for ingat masses of above abaio GeV, i.e. at
central rapidityzo ~ 0.05. Thet¢-channel nature of this process makes the invariant madgedirtal
state and the probedvalues less precise than the thié-boson production. The total cross-section for
the various methods of calculation are seen in Table 5. ;dhse the result using the LO ME and the
LO PDFs is suppressed, but that using the LO* PDFs is now ddigm thetruth. This is due to the
large enhancement of the LO* gluon distribution. The NLO Bjive the closest normalization. The
distributions in terms o andn of the final state top and originated from the top are shown in the left
of Fig. 33. For the top distribution the result using the L@gator and the LO* and NLO PDFs give a
very similar result, being better than the LO PDF result Hottnormalization and for shape due to the
suppression of the LO quarks at central rapidities. In thee ad theu (from the top) the distributions
calculated with the LO generator look better then for the sapce the real NLO correction (irradiation
if an extra parton ) plays lesser role for the top decay prtsdun this process there is a particular NLO
enhancement at central rapidity, so it gives a total crossoselarger tharthe truth

We now consider théb production at the LHC. At LO the process consists of thredrimrtions:
g9/qq — bb (Flavour Creation, or FCR);b — ¢b, where the second b-quark is simulated by initial
parton showers (Flavour Excitation, or FEX), and the QB 2 process with massless partons, where
the b-quarks arise from parton shower&Gluon Splitting, or GSP). The 2nd and 3rd subprocesses have
massless partons and, thus, soft and collinear singekritin order to exclude the dangerous regions,
we apply some reasonable cutsy(b) > 20 GeV, |n(b)| < 5.0, AR(b,b) > 0.5. At NLO we can
not separate the subprocesses, so only the FCR processaidiitO [115]. Inbb we probe rather low
x ~ 1073 — 1072 and the gluon-gluon initial state, so the process is seaditi the smalls divergence
in the NLO MEs, and the NLO correction is very large. The tatalss-sections are shown in Table 5.
All the LO calculations are below thteuth, but the reduced NLO gluon means that the NLO PDF gives
by far the worst result. The best absolute prediction isiobthusing the LO* partons. The differential
distributions in terms op andn of a singleb quark are shown on the upper plots and for the pseudo-
rapidity andpz of abb pair on the bottom plots in right of Fig. 33. The LO* PDFs do Met the single
b rapidity distribution, but underestimate a little at higipidity. The LO and NLO PDFs are similar

5For example, the total cross-section for the improved LO ®6m Table 5 has three termsio; = orcr + orex +
ogsr,Whereocrcr = 1.6 ub,orpx = 0.57 ub, andocsp = 0.46 ub — the total cross sections for the FCR, FEX, and GSP
processes respectively.
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in shape, but the normalisation is worse for NLO and it fadstigularly at lowpy, i.e smallz. All
PDFs obtain roughly the right shape for th@b), except small underestimation at very high rapidity.
However, for all partons there is a problem with the shape fasi@ion of p;. Obviously, all the ratio
curves become higher ag goes up. As for other processes this happens due to theediffeehaviour

of the additional parton generated in the NLO matrix elencsamhpared to those generated by parton
showers. In general, we conclude the LO* PDFs give the besttsein the comparison.

Another interesting heavy quark production process is thibld top quark production. The total
cross sections are reported in Table 5. At the LHC this psotedominated by the gluon contribution
g9 — tt. For examplegy (10— PDF(LO] = Tggti + Tgg—tz = 486.9 pb + 74.5 pb. The LO*
PDFs appreciably enlarge the gluonic cross section, namgly ;01— ppr(Lo«] = Tgg—it + Tggti =
622.1 pb + 77.3 pb. Again the LO* PDFs gives the best prediction.

7.4 Conclusions

We have examined the effects of varying both the order of ths khd the PDFs when calculating cross-
section for hadron colliders. The intention is to find thetlsed of PDFs to use in current Monte Carlo
generators. A fixed prescription of either LO or NLO PDFs with matrix elements is unsuccessful,
with each significantly wrong in some cases. For LO PDFs thisainly due to the depletion of quarks
for x ~ 0.1 — 0.001 and the large LO gluon above ~ 0.01, while for NLO partons the smallness in
some regions compared to LO PDFs is a major problem if the IBiigO matrix element is absent. To
this end we have suggested an optimal set of partons for Moaties, which is essentially LO but with
modifications to make results more NLO-like, and are call&t IPDFs. The NLO coupling is used,
which is larger at low scales, and helps give a good fit to tlie deed when extracting partons from a
global fit. The momentum sum rule is also relaxed for the irgarton distributions. This allows LO
PDFs to be large where it is required for them to compensatmissing higher order corrections, but
not correspondingly depleted elsewhere.

We have compared the LO, NLO and LO* PDFs in LO calculationth&truth, i.e. full NLO,
for a wide variety of processes which probe different typeBDF, ranges of: and QCD scales (more
examples are available in [116]). In general, the resultsvary positive. The LO* PDFs nearly always
provide the best description compared to theh, especially for the s-channel processes. This is par-
ticularly the case in terms of the normalization, but thepghia usually at least as good, and sometimes
much better, than when using NLO PDFs. It should be stresschbd modification of the PDFs can
hope to successfully reproduce all the features of genult@ dbrrections. In particular we noticed the
repeating feature that the high- distributions are underestimated using the LO generaamigthis can
only be corrected by the inclusion of the emission of a reddyi hard additional parton which occurs in
the NLO matrix element correction. A preliminary versiontibé LO* PDFs, based on fitting the same
data as in [113], is available on request. A more up-to-datsion, based on a fit to all recent data, and
with uncertainty bands for the PDFs, will be provided in th& WV08 PDF set.
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Part Il
ISSUES IN JET PHYSICS

8 JET PHYSICS INTRODUCTION 16

This introductory section is intended to help provide thader with some background to the current

jet-related panorama at the LHC, in particular as concémasasic principles and properties of the main

jet algorithms currently in use within the Tevatron and LH®eriments and in phenomenological and

theoretical discussions. Part of what is described heraddrthe basis of discussions during the course
of the workshop and subsequent work, but for completenadii@uhl material is also included.

Several other jet-related sections are present in thesegiings. Section 9 outlines two propos-
als for accords reached during the workshop, one concegengral nomenclature for jet finding, the
other about the definition of the hadronic final-state thausth be adopted when quoting experimental
measurements. Section 10 examines how to measure therpanfoe of jet algorithms at hadron level
and determine optimal choices in two physics cases, a faititarrowZ’ over a range of’ masses, and
in top production, providing examples of simple and commeark-jet samples. Section 11 examines
the performance of jet algorithms at hadron level in incleget andZ+jet production, and i — gg
decays for a range of Higgs masses, which provides examplgaan-jet samples. Section 12 instead
examines the performance of jet algorithms at detectod,|lexsng calibrated calorimetric clusters as
input four-vectors, also examining the influence on jet nstaction of the presence of a moderate
pileup, as expected in the first years of LHC running. Othergtated work that was discussed in part
during the workshop, but was not the focus of workshop-djeicivestigation includes studies of non-
perturbative effects in jets [117] and the use of jet sulosting in the discovery of new particles [118],
as well as methods for dealing with the problem of soft coimation of jets in the presence of pileup
or in heavy-ion collisions [119-122]. We note also relatestaission of jet-finding in the context of the
Tev4LHC workshop [84], as well as the recent review [123]r &oeview of jet algorithms foep and
ete™ colliders, see [124].

8.1 Jet algorithms

As per the accord in section 9.1, jgf algorithmwe refer to a generic “recipe” for taking a set of particles
(or other objects with four-vector like properties) andadbing jets. That recipe will usually involve a
set of parameters (a common example being the jet-raljusThe recipe plus specific values for the
parameters provides a fully specifigd definition

Many hadron-collider jet algorithms are currently beingatdissed and used in the literature. This
section provides an overview of the basic principles unyilegl the jet algorithms for which we are
aware of experimental or theoretical use in the past coupjears. There are two broad groups of jet
algorithms, those based in one form or another on cones aseé that involve repeated recombination
of particles that are nearby in some distance measure. Thenmmature used to distinguish the flavours
of jet algorithm is currently not always uniform across tleddi— that used here follows the lines set out
in [125].

8.1.1 Cone algorithms

There are many different cone algorithms in use. Most aggdfive cones” (IC). In such algorithms, a
seed particleé sets some initial direction, and one sums the momenta ofaliges; within a cone of

8Convenors: G.P. Salam and M. Wobisch; Contributing authdradler, A. A. Bhatti, J. M. Butterworth, V. Biige, M. Cac-
ciari, M. Campanelli, D. D’Enterria, J. D’Hondt, J. Hustdp, Kcira, P. Loch, K. Rabbertz, J. Rojo Chacon, L. Sonnenische
G. Soyez, M. Tytgat, P. Van Mulders, M. Vazquez Acosta, Ilélfh
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radius R aroundi in azimuthal angle> and rapidityy (or pseudorapidity)), i.e. taking allj such that
A = (i — ) + (6 — ¢5)° < R?, (26)

wherey; andg; are respectively the rapidity and azimuth of particl@he direction of the resulting sum
is then used as a new seed direction, and one iterates thedprecuntil the direction of the resulting
cone is stable.

Such a procedure, if applied to an ensemble of many partigladead to multiple stable cones
that have particles in common (overlapping cones). Conarifthgns fall into two groups, depending on
how they resolve this issue.

One approach is to start iterating from the particle (origaleter tower) with the largest transverse
momentum. Once one has found the corresponding stable apneealls it a jet and removes from the
event all particles contained in that jet. One then takesrasnraseed the hardest particle/tower among
those that remain, and uses that to find the next jet, reetta procedure until no particles are left
(above some optional threshold). A possible name for sugdrithms is iterative cones with progressive
removal (IC-PR) of particles. Their use of the hardest pkriin an event gives them the drawback that
they are collinear unsafe: the splitting of the hardestigar{sayp,) into a nearly collinear pairp(,
p1p) €an have the consequence that another, less hard pagti®Weth p; 14, pe1v < pi2 < i1, pointing
in a different direction suddenly becomes the hardestgaiiti the event, thus leading to a different final
set of jets.

A widespread, simpler variant of IC-PR cone algorithms ie ¢imat does not iterate the cone
direction, but rather identifies a fixed cone (FC) around @redsdirection and calls that a jet, starting
from the hardest seed and progressively removing partadethe jets are identified (thus FC-PR). It
suffers from the same collinear unsafety issue as the ICig&titoms. Note that IC-PR and FC-PR
algorithms are sometimes referred to as UA1-type cone ighgas, though the algorithm described in
the original UAL reference [126] is somewhat different.

Another approach to the issue of the same particle appearmgny cones applies if one chooses,
as a first stage, to find the stable cones obtained by iter&ting all particles or towers (or those for
example above some thresheldl — 2GeV).l” One may then run a split-merge (SM) procedure, which
merges a pair of cones if more than a fractjoaf the softer cone’s transverse momentum is in common
with the harder cone; otherwise the shared particles aigraskto the cone to which they are clo&er.

A possible generic name for such algorithms is IC-SM. Anraléve is to have a “split-drop” (SD)
procedure where the non-shared particles that belong tsater of two overlapping cones are simply
dropped, i.e. are left out of jets altogether. The exactehaof SM and SD procedures depend on the
precise ordering of split and merge steps and a now standacequre is described in detail in [127]
with the resolution of some small ambiguities given in [128]

IC-SM type algorithms have the drawback that the additioaroextra soft particle, acting as a
new seed, can cause the iterative process to find a new stat#de ©nce passed through the split-merge
step this can lead to the modification of the final jets, thugingathe algorithm infrared unsafe. A
solution, widely used at Run Il of the Tevatron, as recomneelrid [127], was to additionally search for
new stable cones by iterating from midpoints between eactopstable cones found in the initial seeded
iterations (1G,,-SM). While this reduces the set of configurations for whigo# particle modifies the
final jets, it does not eliminate the problem entirely. Onk golution instead avoids the use of seeds
and iterations, and findall stable cones through some exact procedure. This type afithigois often
called a seedless cone (SC, thus SC-SM with a split-mergeguoe). Historically, the computational
complexity of seedless-cone algorithms had made theirrapeaictical for use on events with realistic
numbers of particles, however, recently a geometricadlyelal solution was found to this problem [128].

YIn one variant, “ratcheting” is included, which means thatinlg iteration of a cone, all particles included in prewsou
iterations are retained even if they are no longer withingbemetrical cone.
Commonly used values for the overlap threshold parametef ar0.5, 0.75 (see also recommendations below).
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Algorithm | Type | IRC status| Ref. | Notes |

inclusive k; SR—1 OK [130-132]| also has exclusive variant

flavour k; SR—1 OK [133] d;; and d;p modified
whens or j is “flavoured”

Cambridge/Aachen SR—o OK [134,135]

anti-k; SR,—— OK [125]

SISCone SC-SM OK [128] multipass, with optiona
cut on stable cong;

CDF JetClu IC,.-SM IR241 [136]

CDF MidPoint cone IC,,p-SM IR341 [127]

CDF MidPoint searchcone | IC ;,,,-SM IRo41 [129]

DO Run Il cone IC,,p-SM IR3.41 [127] no seed threshold, but cut
on conep;

ATLAS Cone IC-SM IR241

PxCone IC,,-SD IR341 no seed threshold, but ciit
on conepy,

CMS lterative Cone IC-PR Collsy; | [137,138]

PyCell/CellJet (from Pythia) FC-PR Colls; | [85]

GetJet (from ISAJET) FC-PR Colls14

Table 6: Overview of some jet algorithms used in experimental or tegcal work in hadronic collisions in the
past couple of years. SR, = sequential recombination (with = —1,0, 1 characterising the exponent of the
transverse momentum scale, eq. (27)); SC = seedless caedficones); IC = iterative cone (with midpoinig,
ratchetingr, searchconee), using either split-merge (SM), split—drop (SD) or pragiee removal (PR) in order
to address issues with overlapping stable cones; FC = finad-dn the characterisation of infrared and collinear
(IRC) safety properties (for the algorithm as applied totipkes), IR, 1 indicates that givem hard particles in

a common neighbourhood, the addition of 1 extra soft parttaln modify the number of final hard jets; CGall
indicates that given hard particles in a common neighbourhood, the collineattisyg of one of the particles can
modify the number of final hard jets. Where an algorithm islbdal with the name of an experiment, this does
not imply that it is the only or favoured one of the above aldpons used within that experiment. Note that certain
computer codes for jet-finding first project particles ontodelled calorimeters.

Cone algorithms with split-merge or split—drop steps algesu to a phenomenon of “dark tow-
ers” [129], regions of hard energy flow that are not clusténed any jet. A solution to this proposed
in [129] — referred to as the “searchcone” — works around tfablem by using a smaller radius to
find stable cones and then expands the cones to their fullsadihout further iteration before passing
them to the SM procedure. It was subsequently discoverddHisareintroduces IR safety issues [84],
and an alternative solution is a multi-pass algorithm, dra¢ tuns the cone algorithm again on the set of
all particles that do not make it into any of the “first-passtsj(this can be repeated over and over until
no particles are left unclustered).

8.1.2 2-1 Sequential recombination

Sequential recombination (SR) algorithms introduce distad;; between entities (particles, pseudojets)
i andj andd; g between entity and the beam (B). The (inclusive) clustering proceeds bytifyeng the
smallest of the distances and if it iglg recombining entitieg andj, while if it is d;p calling a jet and
removing it from the list of entities. The distances are lmdated and the procedure repeated until no
entities are left.
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The distance measures for several algorithms are of the form

2

A<,
di; = min(k;?, k}P) R’; : (27a)

dip = k;? 27h)

whereAfj was defined in (26) ankl; is the transverse momentum of particldHere R is the jet-radius
parameter, whiley parametrises the type of algorithm. For= 1 one has the inclusivé; algorithm

as defined in [132], while witlp = 0 one obtains the Cambridge/Aachen algorithm as defined &][13
Both are related to corresponding “exclusive” algorithipd130,131], Cambridge [134], and also [139])
with similar or identical distance measures but additigiapping conditions. A recent addition to the
SR class is the anti; algorithm, withp = —1 [125]. Together with the PR cones, it has the property that
soft radiation does not affect the boundary of the jet, legqdd a high proportion of circular jets with
actual radiugk. This property does not hold for SM and SD cones, nor SR dlgos withp > 0.

Other sequential recombination algorithms, used mainlyia— and DIS collisions, include
the JADE algorithm [140, 141] which simply has a differenstdhce measure, and the ARCLUS al-
gorithm [142] which perform8 — 2 recombinations (the inverse of a dipole shower).

8.1.3 General remarks

A list of algorithms used in experimental or theoreticaldss in the past couple of years is given in
table 6. Where possible references are provided, but sogueitains have not been the subject of
specific publications, while for others the descriptionha titerature may only be partial. Thus in some
cases, to obtain the full definition of the algorithm it may dmstvisable to consult the corresponding
computer code.

A point to be noted is that as well as differing in the underdyrecipe for choosing which particles
to combine, jet algorithms can also differ in the scheme wigedcombine particles, for example direct
4-momentum addition (known as the-scheme), orE weighted averaging off and ¢. In the past
decade recommendations have converged ofvteeheme (see especially the Tevatron Run-11 workshop
recommendations [127]), though this is not used by defawdtlialgorithms of table 6.

As discussed in section 8.1.1 many of the algorithms cugréntused are either infrared or
collinear unsafe. For an algorithm labeled,IR or Coll, 1, jet observables that are non-zero starting
with m partons in the final state (en — 1 partons and on&/’/Z boson) will be divergent in perturba-
tion theory starting from R—*2L0O. Given that these are usually single-logarithmic diesiges, the
physics impact is that N~"*LO is then the last order that can be reliably calculated rtupleation theory
(as discussed for example in detail in [128]).

Because of the perturbative divergences and other noofpative issues that arise with non in-
frared and collinear safe algorithms, there have been tegpeacommendations and accords, dating back
to the Snowmass accord [143], to use just infrared and ealtisafe jet algorithms. This recommenda-
tion takes on particular importance at the LHC, becauseifetitonfigurations, which will be far more
widespread than at previous colliders, are particularhsii®e to infrared and collinear safety issues.
Furthermore there is very significant investment by the rig@al community in multi-leg NLO com-
putations (see for example the proceedings of the NLO Medfiworking group of this workshop), and
the benefit to be had from such calculations will largely beasglered if infrared or collinear unsafe
jet algorithms are used for analyses. The set of IRC-safwithigns that have been the subject of some
degree of recent study includés, Cambridge/Aachen, SISCone (which can be used as a reatem
for IC-SM type algorithms) and antiz (which is a candidate for replacing IC-PR type algorithms).
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8.1.4 Jet algorithm packages

Given the many jet algorithms that are in use, and the int@rdseing able to easily compare them, two
packages have emerged that provide uniform access to mykipalgorithms. FastJet [144, 145],
originally written to implement fast strategies for seqiedrecombination, also has a “plugin” mecha-
nism to wrap external algorithms and it provides a numbeoaogcalgorithms in this manner, including
SISCone [128].SpartyJet  [146] provides a wrapper to theastJet algorithm implementations
(and through it to SISCone) as well as to a number of cone ithgas, together with specific interfaces
for the ATLAS and CDF environments. Both packages are unctereedevelopment and include various
features beyond what is described here, and so for up to @tadsdof what they contain, readers are
referred to the corresponding web pages.

8.2 Validation of jet-finding

During the Les Houches workshop, a validation protocol wefinéd in order to ensure that all partici-
pants were using identical jet algorithms and in the same ®awythis purpose, a sample of 1000 events
was simulated with Pythia 6.4 [85], for the production andssquent hadronic decay of4, Z' — qq
with Mz = 1000 GeV. This was run through the different participants’ jeftware for each of the
relevant jet definitions, and it was checked that they obthidentical sets of jet$.
The following jet algorithms were used in the jet validation
o Ly
Cambridge/Aachen
Anti-k; (added subsequent to the workshop)
SISCone
e CDF Midpoint cone
For each, one uses values Bffrom R,;, = 0.3 t0 Rn.x = 1.0 in steps ofAR = 0.1. In the two
SM-type cone algorithms, the SM overlap threshégldvas set ta).75. This choice is recommended
more generally because smaller values (including the goitemonf = 0.50) have been seen to lead to
successive merging of cones, leading to “monster-jets ésg. [147]).
Readers who wish to carry out the validation themselves rbégirothe event sample and further
details from

http://www.lpthe.jussieu.fr/ ~salam/les-houches-07/validation.php

together with reference results files and related tools.

%This statement holds for comparisons carried out with deyibecision inputs; where, for data-storage efficiencgaoes,
inputs were converted to single precision, slight diffeesoccasionally arose.
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9 ACCORDS RELATED TO THE HADRONIC FINAL STATE 20

9.1 Jet nomenclature

In this section we aim to establish a common and non-ambgunamenclature to be used when dis-
cussing jet physics. Such a basis is heeded for the comntiomiaaf experimental results, in order to
ensure that they can be reproduced exactly, or that mattigogy predictions can be made. We propose
that the following elements should always be specified iregrpental publications:

e The jet definition which specifies all details of the procedure by which an eahytset of four-
momenta from physical objects is mapped into a set of jets.j@tdefinition is composed ofjat
algorithm (e.g. the inclusive longitudinally boost-invariait algorithm), together witlall its pa-
rameters (e.g. the jet-radius parametar, the split—-merge overlap threshafdthe seed-threshold
pr cut, etc.) and theecombination scheme(e.g. the four-vector recombination scheme or “E-
scheme”) according to which the four-momenta are reconsbth&ing the clustering procedure.
We recommend that a reference téul specification of the jet algorithm is given. If this is not
available, the jet algorithm should be described in detail.

e The final state (“truth-level”) specification. Consistent comparisons between experimental re-
sults, or between experimental results and Monte Carlolaiioas, are only possible if the jet
definition is supplemented with an exact specification ofsthieof the physical objects to which it
was applied, or to which a quoted jet measurement has bessttamt. This could e.g. be the set of
momenta of all hadrons with a lifetime above some threshdldcussions and recommendations
of possible final state choices are given below in section 9.2

This nomenclature proposal is summarised graphically gn $4.

What's needed for the communication of results

Jet Definition

Final-State
Jet Algorithm +  Truth-Level
Parameters e .
Recombination Scheme Specification

Fig. 34: A summary of the elements needed to communicate jet obdes/aba non-ambiguous way.

9.2 Final state truth level

Whenever experiments present “corrected” results forrgjee observables, the question ari$éghat
exactly have these results been corrected foi2”in other wordsOn which set of four-vectors are the
quoted results of this jet measurement definedPhese questions address the “truth-level” to which
experimental results correspond to. A detailed answeligajirestion is relevant since supposedly minor
differences can be significant, and they certainly are fecigion jet measuremefts In the history of
jet physics at particle colliders, many different choicagsdbeen made on how jet results were presented.
Experiments have corrected their jet results

e back to the leading order matrix-elements in a Monte Carlwe jEts are supposed to correspond

to the partons from th2 — 2 scattering process.

20Convenors: G.P. Salam and M. Wobisch; Contributing authdrédler, A. Bhatti, J. M. Butterworth, V. Buge, M. Cac-
ciari, D. D’Enterria, J. D’Hondt, J. Huston, D. Kcira, P. LlgcH. Nilsen, K. Rabbertz, J. Rojo-Chacon, L. Sonnenschein,
G. Soyez, M. Tytgat, P. Van Mulders, M. Vazquez Acosta, Ilelfih

ZINote that the ambiguity addressed here does not includestiuiinition, which is supposed to have already been agreed
upon and fully specified.
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e back to the level after the parton shower in a Monte Carlo. jEtseare supposed to correspond to
the result of the purely perturbative phase of the hadraaction.

e back to the level of stable particles in a Monte Carlo, butwkiog the particles from the “under-
lying event”.

¢ for all detector effects and, in addition, also for the efe@bserved in interactions triggered by
“minimum bias” triggers. The latter contribution is suppdsto correspond to the “underlying
event”.

e for all detector effects and nothing else. The correctedegtlts correspond to jets defined on all
(stable) particles from the hadronic interaction.

It would be useful for the LHC and the Tevatron experimentsaee a common definition of what they
call the “truth” final-state particle level (specificallyrfgets). While we cannot enforce any agreement,
we can provide a set of recommendations, and make the folipprioposals:

e The truth input to the jet clustering should always be phajsfce. observable) final-state parti-
cles, not any kind of model-dependent partons (neither faamatrix-element nor from a parton-
shower).

e For similar reasons, the final-state particles should ghelaverything from the main hadronic
scatter. Therefore the underlying event (defined as additipartonic interactions from the same
hadron-hadron interaction plus interactions of the hademnants) is included. This is part of
the hadronic interaction and cannot be unambiguously aggghfrom the hard subprocess (see,
however, next subsection).

e The contributions from pile-up due to additional hadronidlisions in the same bunch crossing,
recorded in the same event, should not be included. In otbedsythe jet observable should be
corrected for contributions from multiple hadron interacs.

e A standard lifetime cut on what is considered to be “finalestahould be agreed upon. A lifetime
of 10 ps is used elsewhere, and we also recommend this vailyehadrons with a shorter lifetime
will be allowed to decay in the Monte Carlo generators. Allastparticles will be considered to
be stable.

e Neutrinos, muons and electrons from hadronic decays sheuidcluded as part of the final state.

e However, prompt muons, electrons (and radiated photormsjtrinos and photons are excluded
from the definition of the final state. The same applies to ey products of prompt taus.

e The jet algorithm should be given as input the full physicalrfvectors. How it treats them is part
of the jet definition and the recombination scheme.

We acknowledge that these recommendations may not be usellitircumstances. During the process
of understanding and calibrating detectors, other defimiti(e.g. including only visible energy in the
calorimeter) may be needed. But whenever a jet measurespresented or a jet observable is quoted,
we suggest that the jets it refers to are based on a specificc{aarly stated) jet definition and the
final-state truth particle definition recommended above.

9.3 A level behind the truth: Partons

It should be noted that the above definitions about the firsé gtuth level also apply to theoretical
calculations. Some theoretical calculations are impldéeteim Monte Carlo event generators, including
the modelling of non-perturbative processes (hadrominand underlying event). These can directly be
compared to experimental results that are obtained acwptdithe recommendations from the previous
section.

Other calculations provide purely perturbative resuligifally at next-to-leading order in the
strong coupling constant, sometimes accompanied by restioms of leading logarithms). These re-
sults correspond to the “parton level” of the jet observablighen trying to compare a perturbative
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calculation to an experimental result, one needs to at ésighate the size of the non-perturbative cor-
rections (consisting of underlying event and hadronizatorrections). Typically, these are obtained
using Monte Carlo event generators. We strongly recommieadelach experiment should determine
and publish its best estimate of non-perturbative cowastiogether with the data. It should be kept in
mind that these corrections should always be quoted sepaeaid not be applied to the data, but only
to the perturbative calculations. Experiment and theogukhmeet at the level of an observable. This
seems to be an established procedure, which is used in ni@sigly/ses at LEP, HERA, and also in
Run Il of the Tevatron.
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10 QUANTIFYING THE PERFORMANCE OF JET ALGORITHMS AT THE LHC 2?2
10.1 General strategy

The performance of a given jet algorithm depends on its petars, like the radiu®, but it also depends
on the specific process under consideration. For exampaé atgjorithm that gives good results in a sim-
ple dijet environment might perform less well in a more coexpinulti-jet situation. In this contribution
we wish to quantify the extent to which this is the case in thietext of a couple of illustrative recon-
struction tasks. This is intended to help cast light on thievieng question: should the LHC experiments
devote the majority of their effort to calibrating as bestpassible just one or two jet definitions? Or
should they instead devote effort towards flexibility inithehoice of jet definition, so as to be able to
adapt it to each specific analysis?

One of the main issues addressed in examining this questithat of how, simply but generally,
to quantify the relative performance of different jet aifuns. This physics analyses used as examples
will be the reconstruction of massive particles, becaush tasks are central both to Standard Model and
to discovery physics at the LHC. As quality measures we sisdlthe mass resolution, and the signal
size for fixed detector mass resolution, both defined in sughyeas to be insensitive to the exact signal
shape (which depends significantly on the jet definition)tess cases we will take a hypotheticl for
different values of its mass, and thié boson and top quark in fully hadronic decaysbévents.

A point that we wish to emphasise is that we have purposefubided quality measures, used
in the past, that consider the relation between jets andategartons produced at matrix-element level
in a parton-shower Monte Carlo. This is because the reldigween those two concepts depends as
much on approximations used in the parton showering, asejettdefinition. Indeed in modern tools
such as MC@NLO [23] or POWHEG [148] it becomes impossibleneprogrammatically, to identify
the single parton to which one would want to relate the jetteNmwever that addressing the issue of
the performance of jet algorithms in contexts other thaekiatic reconstructions (e.g. for the inclusive
jet spectrum) would require rather different strategiestthose we use here (see for example [117] and
section 11). A strategy related to ours, to assess the peafure of jet algorithms based on the Higgs
mass reconstruction from the invariant mass of gluon jefs ir> gg can be found in Sect. 11.

We note that we do not address issues of experimental releVie the reconstruction efficiency
of different jet algorithms after detector simulation, wiihowever are discussed in the contribution of
section 12.

10.2 Figures of merit

We start by defining the figures of merit that quantify the guaif the heavy object mass reconstruction
through jet clustering algorithms.

We wish to avoid assumptions on the underlying shape of thariemt mass distribution that
we are reconstructing, such as whether it is Gaussian, asejmcnor has a pedestal, since in general
the reconstructed mass distributions cannot be descripsiriple functional forms. This is illustrated
in Fig. 35, where different functions are fitted to two redomsted mass spectra from tHe — qgq
samples for two different values of R. One sees that eveneimibre symmetric situation, it is difficult
to reproduce it properly with any simple functional form.

Instead we shall use figures of merit that relate to the mapdtiun of the signal over background
ratio (more preciselyS/v/B), for the simplifying assumption that the background is #atl is not
affected by the jet clustering procedure. Specifically, wippse the following two measures:

1. Q}”:Z(R): The width of the smallest (reconstructed) mass window ¢batains a fractiorf = =

22Contributed by: M. Cacciari, J. Rojo-Chacon, G. P. Salan&yez
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Fig. 35: The mass of the reconstruct&lboson in theM/ 7, = 100 case with the Cambridge/Aachen algorithm for
R = 0.7 (left) and R = 0.3 (right), together with various fits of simple probabilitystfibutions.

of the generated massive objegtghat is

(28)

Fe # reconstructed massive objects in window of width w
Total # generated massive objects '

A jet definition that is more effective in reconstructing tmajority of massive objects within a
narrow mass peak gives a lower value @f:Z(R), and is therefore a “better” definition. The
value that we will use for the fractiorf will be adjusted in order to have around 25% of the
reconstructed objects inside the windéw.

2. Qi:xm(R): To compute this quality measure, first we displace over thesrdistribution a

window of fixed width given byw = z+v/M, whereM is the nominal heavy object mass that
is being reconstructéd until we find the maximum number of events of the mass digiiobu
contained in it. Then the figure of merit is given in terms & thtio of this number of events with
respect to the total number of generated events,

1

0 ¥ (R) = (Max # reconstructed massive objects in window of width w = v/ M -
w=zvM o Total # generated massive objects ’
(29)
where we take the inverse so that the optimal result is a numinof va:$\/M(R)’ as in the

previous case.

The default choice that will be usedis= 1.25, that isw = 1.25v/M (for compactness we omit
the dimensions om, which are to be understood as (G&\?). This particular choice is motivated
by experimental considerations of the CMS and ATLAS experits, in particular the default
value corresponds to the jet resolution in CMS. This meaaisthie default values that will be used
through this contribution will bev = 1.25\/M/ for the Z’' samplesw = 1.25v/ My, ~ 10 GeV
for the W mass distributions and = 1.25/My, ~ 15 GeV for the top quark mass distributions.

In tests of a range of possible quality measures for massisétwtions (including Gaussian fits,
and the width at half peak height), the above two choices baesm found to be the least sensitive to

ZNote that in general the number of generated massive ohjifeiss from the total number of events, for example if in the
tt samples we haval., = 10°, the number of generated W bosons (and top quark¥)js= 2 - 10°.

**The approximate fraction of events that pass the eventtimecuts for each physical process can be seen in Table 7,
together with the value for the fraction ensuring that approximately one quarter of the succegsfattonstructed heavy
objects are inside the window.

ZNote that we avoid using the reconstructed m&s.., obtained from the mean of the distribution for examplecsiim
general it depends strongly on the jet definition.
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Fig. 36: The quality measur@gc“:o.ls(R) in the case of¥ mass reconstruction for hadrortic production.

the precise shape of the reconstructed mass distributometl as to any kind of binning. Another
encouraging feature, which will be seen below, is that trenveasures both lead to similar conclusions
on the optimal algorithms an& values.

As an example of the behaviour of these quality measures iacaral mass distribution, we
show in Fig. 36 the quality measu@?zo_ls(R) in the case ofil” mass reconstruction for hadronic
tt production. We observe that indeed in the case where the neemsstruction is clearly poorer (blue
dashed histogram), the value@fizo.lg(R) is sizably larger.

With the aim of better comparing the performances of difiejet definitions, we can establish
a mapping between variations of these quality measures anations in effective luminosity needed
to achieve constant signal-over-background ratio for tlessrpeak reconstruction, working with the
assumption that the background is flat and constant, andfeoted by the jet clustering. We define the
effective power to discriminate the signal with respecthie backgroundef for a given jet definition
(JA,R) as

s (JA,R) = Nsignal , (30)
back
whereNgigna and Nyacc are respectively the number of signal and background eviéféscan establish
the following matching between variations in quality measuand in the effective luminosity ratipg
as follows. Suppose that a quality measure calculated \##h, &) gives a worse (i.e. larger) result
than with (JA,R;).

e In the case oQ?ZZ(R) a larger value of this quality measure (i.e. a larger windadatky will
correspond to a larger number of background events for angfiseed number of signal events.
The jet definition(JA1, R;) will then need a lower luminosity to deliver the same effestilis-
criminating power agJAs, R»), since it deals with a smaller number of background everasf S

we define 0% (JAg, o)
w—z 9 N ac A 5
ra = gt e = A e ) (3D)
Qf_, (JA1, R1)  Npack (JA1, Ry)

then at equal luminosity the discriminating power (6A 1, R;) will be better by a factor

S (JA1, Ry)

Sl (JAg, Ry) Vi (32)
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or equivalently the same discriminating power(dd, R,) can be obtained with a smaller lumi-
nosity £1 = ps Lo, Wherep, is given by the inverse square of the ratio eq. (32).

pr=—". (33)
T
e In the case oQ{Ume(R) it is instead the number of signal events that varies wheiotiadity
measure changes. Defining
f
Q —axvM (JAQ’ RQ) Nsignal (JAla Rl)

"l B > 1 (34)
Qi:xm (JAla Rl) Nsignal (JAQ, Rg)

then at equal luminosity the discriminating power A, R;) will be better by a factor

»ef (JAL, Ry)

It/ 35
Eeff (JAQ,RQ) Tf, ( )

or equivalently the same discriminating power(dds, R2) can be obtained with a smaller lumi-
nosity £1 = ps L, Wherep, is now given by the inverse square of the ratio eq. (35)

PL= 75 - (36)
"y
In the remainder of this study we shall see that for the psE®sinder consideration, the two quality
measures indicate similar effective luminosity improvetseo be gained by going froifd Az, R2) to
(JA1, Ry), once one takes into account the different functional ddeece indicated above (e.g. a gain

(i.e. smalley by a factor of 2 ianU:xm(R) should correspond with good approximation to a gain of
afactor of2* = 4in Q{__(R) ).

10.3 Jet algorithms
With the help of the quality measures defined in the previegsian, we will study the performance of
the following jet algorithms:
. longitudinally invariant inclusive; algorithm [130-132].
. Cambridge/Aachen algorithm [134, 135].
. Anti-k; algorithm [125].
. SISCone [128] with split—-merge overlap threshgle- 0.75, an infinite number of passes and no
pr cut on stable cones.
5. The Midpoint cone algorithm in CDF’s implementation []12vith an area fraction of 1 and a
maximum number of iterations of 100, split-merge overlapgholdf = 0.75 and seed threshold
of 1 GeV.
In every case, we will add four-momenta usinga&cheme (4-vector) recombination. Each jet algorithm
will be run with several values aoR varying by steps of 0.1 within a rand&,,,i», Rax] adapted to
observe a well defined preferrdt),.s; value. Practically, we will havé®,,,;, = 0.3 and R, = 1.3 for
the Z’ analysis andr,,;;, = 0.1 andR,,., = 1.0 for thett samples.

Note that we have fixed the value of the overlap parameteedafdhe algorithms t¢ = 0.75. This
rather large value is motivated (seg.[147]) by the fact that “monster jets” can appear for smaldues
of f. For sequential recombination clustering algorithms wetheir inclusive longitudinally-invariant
versions, suited for hadronic collisions. The jet algarithhave been obtained via the implementations
and/or plugins in thé&astJet package [144].

The infrared-unsafe CDF midpoint algorithm is only inclddeere for legacy comparison pur-
poses.

A W N PP
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Process | # Gen. events # Acc. events| Fraction acc. vs. gen. Fractionf in Eq. 28
7' —qq 50000 ~ 23000 ~ 0.46 0.12
Hadronictt 100000 ~ 75000 ~ 0.75 0.18

Table 7: Number of generated and accepted events for each processprtesponding approximate fraction of
accepted events and the fractigrof the total number of generated events which correspond26% of the
selected events.

10.4 Physical processes

We consider the following physical processes: — ¢g for various values of\/ and fully hadronic

tt production, and we reconstruct the mass of idoson and that of th&” boson and the top quark
to assess the performance of the jet algorithms describ8ddh 10.3. We should emphasise again that
the performance of a given jet definition depends on the goaader consideration, thus it is important
to study different jet algorithms for diverse processeshwdifferent mass scales, kinematics and jet
structure.

All the samples have been generated ththia 6.410 [85] with the DWT tune [84]. For thi¢
samples the B mesons have been kept stable to avoid the nBettkohy reconstruction for B taggitfy
The top quark mass used in the generatioh/js= 175 GeV while thelW” mass isMy, = 80.4 GeV.

Now we describe for each process the main motivations to emaitnand the mass reconstruction
techniques employed, while results are discussed in thieseekion. The fraction of events that pass the
selection cuts discussed above is to a good approximataepandent of the particular jet definition,
and their values can be seen in Table 7.

e 7' — qq for various values oft/:.
This process serves as a physically well-defined source nbofwomatic quarks. By reconstruct-
ing the dijet invariant mass one effectively obtains a measii thep, resolution and offset for
each jet definition. The range af masses is: 100, 150, 200, 300, 500, 700, 1000, 2000 and 4000
GeV. Many of these values are already excluded, but are Iuseftudy as measures of resolution
at different energies. Note also that the generatgglarticles have a narrow widtli'g,, < 1 GeV).
This is not very physical but useful from the point of view obpiding monochromatic jet sources.
For each event, the reconstruction procedure is the faligwi
1. Carry out the jet clustering based on the list of all firtakes particles
2. Keep the two hardest jets with- > 10 GeV. If no such two jets exist, reject the event.
3. Check that the two hard jets have rapiditigs< 5, and that the rapidity difference between
them satisfiesAy| < 1. If not, reject the event.
4. TheZ'is reconstructed by summing the two jets’ 4-momenta.
¢ Fully hadronictt decay.
This process provides a complex environment involving migiy in which one can test a jet
definition’s balance between quality of energy reconsioacand ability to separate multiple jets.
The reconstruction by, and M, is obtained as follows:
1. Carry out the jet clustering based on the list of all firtates particles
2. Keep the 6 hardest jets withr > 10 GeV and|y| < 5. If fewer than 6 jets pass these cuts,
reject the event.
3. Among those 6 jets, identify thieand theb jets. If the number ob/b jets is not two, then
reject the event.
4. Using the four remaining jets, form two pairs to recordtthe twol¥” bosons. Among the

%The effects of imperfect B tagging should be addressed inahéext of detector simulation studies.
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3 possible pairings, choose the one that gives masses asadgsossible to the nomindl
mass.

5. Reconstruct the two top quarks by pairing thend W jets. Pairing is done by minimising
the mass difference between the two candidgéds.

10.5 Results

Now we discuss the results for the mass reconstruction gbrtheesses described in section 10.4 with
the jet algorithms of section 10.3. We quantify the commarisetween different jet definitions using the
quality measures defined in section 10.2. We note that indhiews histograms of this section, the lines
corresponding to different jet algorithms have been dlgtttifted in order to improve legibility.

10.6 Analysis of theZ’ samples
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Fig. 37: The figures of meriQy_, ,,(R) andQ’_ -

100 GeV (upper plots) and/;, = 2 TeV (lower plots).

(R) for the Z' samples corresponding ol =

The figures of merit foQy_, ,,(%2) and Qizl.%m(R) are plotted in Fig. 37, as a function of
the radiusk for a Z’ of 100 GeV and 2 TeV. Each plot includes the results for the jBvalgorithms
under consideration. There are two lessons we can learn thiafigure. Firstly, even though some
algorithms give better quality results than others (we wdiine back on this later), the main source of
quality differences does not come from the choice of algaribut rather from the adopted value #r

Secondly, the minimum of the quality measures gives, foh gaicalgorithm, a preferred valulégi/gt for
R.

That preferred value over the whole rangeZfmasses is shovihin Fig. 38. We observe that

Z'arying R continuously betweef.3 and 1.3 would probably result in a smoother curve fBkestas a function of\/ /.
However, there is no real interest in determiningfaparameter with more than one decimal figure.
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Fig. 39: The invariant mass distribution in th& samples for two different values of /.

the two quality measures roughly agree on the extracte@peef value, with the possible exception of
the largest values aff for which we observe small differences. Furthermore, whemtass of the?’
becomes larger, the best quality is also achieved usingragues forR: Rpestgoes from 0.5 for low
7' masses, tdpest~ 0.9 for highZ’ masses.

This behaviour can be explained by the fact theé\gs increases, perturbative radiation (which
favours largerR) grows larger (roughly ad/) while the underlying event contribution (which favours
smallerR) stays fixed, thus resulting in an overall larger value ferdptimal R [117]. Another relevant
point is thatZ’ decays are mostly dijet events, so the invariant mass recatisn is in general not
affected by the accidental merging of hard partons thatstgkace for larger values a® in multi-jet
environments like hadronitt decays.

Given our method to quantitatively analyse the performaoicgt algorithms and to extract a
preferred value foRR, there are a few more interesting figures we want to look ag. firet one, Fig. 39,
is simply the histogram of the reconstruct&timass. The left plot shows the reconstruc#dgeaks for
the five algorithms aR = Rpestand though some slight differences exist all algorithme gjuite similar
results. In the right plot we show the reconstruct&chistogram for the:; and the SISCone algorithms
using either? = RZJEV = 0.8, as extracted from the quality measures at 2 TeVger R}92,°¢V = 0.5,
extracted at 100 GeV. The behaviour is again what one exprecisFig. 37, namely that SISCone with
R = 0.8 performs a bit better than SISCone with= 0.5 andk; with R = 0.8, which themselves give

a better peak than thg algorithm withR = 0.5.
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a function of M 4.

Let us now consider again the whole range #f masses and discuss the initial point of in-
terest which is finding the best algorithm to be used in jetlysi® at least from the point of view
of Z’' reconstruction. To that aim, we look at the quality measuré&as; as a function of thez’
mass and for each jet algorithm. The results are presentEdyirdO forQ’f:O'm(R) (left plot) and

Q£:1.25\/M(R) (right plot). Note tha@;ﬁzo.m(R) has an approximately linear increase with\/,

while Qi:l.ZSW(

The generic conclusion is that cone algorithms split-még)d) steps perform better than the
recombination-type algorithms, though we again emphasigethe difference is rather small and, in
particular, smaller than the dependence on the paranietdiis conclusion is valid for alt’ masses
and for both quality measures. In general, among the comreitdms, SISCone produces results slightly
better than CDF-Midpoint while, among the recombinatigpet algorithmsk; is a bit worse than Cam-
bridge/Aachen and antiz, the ordering between those two depending on the mass atitygquaasure
under consideration.

This can be understood due to the fact that SISCone has aegtdeasitivity to the underlying
event (smaller effective area [147]) while stretching optta larger distancé®, thus is able to merge
emitted partons even at relatively large angles. Note thatféature, which is advantageous in a clean
environment likeZ’ — qq, essentially a dijet event, is on the other hand somethiagdbgrades jet
clustering with SISCone on denser environments dtke

We can quantify the differences between jet algorithm3,at; using the mapping between quality
measures and effective luminosity ratios introduced int.SE:2. ForM, = 100 GeV, both quality
measures coincide in that when comparing the best jet #igoi(SISCone) with the worsk() one finds
pr ~ 0.85, while for the M, = 2 TeV case, one finds that the effective luminosity ratip s~ 0.8.

An important consequence that can be drawn for this analydfsat optimising the value aR
for a given jet algorithm is crucial to optimise the potehtida physics analysis. For example, in the
My = 2 TeV case, if one choose? = 0.5 (based e.g. on considerations for the;; = 100 GeV
process) instead of the optimal valig,.s ~ 0.8, it is equivalent to losing a factgs, ~ 0.75
in luminosity (for all algorithms and both quality measyre§Ve note that the optimal value @t at
high masses is somewhat larger than what is being consigerreently in many studies by the LHC
experiments.

R) has a similar behaviour but in the opposite direction.
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Fig. 41: The figures of meriQ%_ 15 (R) anin:1 25¢M(R) for the invariant mass distributions of the hadronic
tt samples.

10.7 Analysis of the hadronically decayingt sample

Hadronictt production is a challenging environment since the jet atlgor has to reconstruct at least
hard jets. In this process one can test a jet definition’'sroaldetween quality of energy reconstruction
and ability to separate multiple jets.

For each of the mass distributions that we reconstruct s ¢hse (that of thél” boson and
that of the top quark), we show the plots of the correspondiggres of meritQ;’z:O.lg(R) and

qu:wsm(R) in Fig. 41. Although all jet algorithms perform rather sianly at Ry, there is a
slight preference for the anki- algorithm. The resulting effective luminosity ratio contgd for the top
reconstruction between the two limiting algorithmsjs= 0.9. Note that at larger values & the cone
algorithms perform visibly worse than the sequential relsimiation ones, probably because they tend to
accidentally cluster hard partons which should belong flerdint jets. In the same spirit, the preferred
radius isRy.st = 0.4 for sequential recombination algorithms, while cone &thars tend to prefer a
somewhat smaller optimal valug,.s; = 0.3.

For the hadronic¢t samples, we show the invariant mass distribution&at; in each case for
My and M, in Fig. 42. We observe that all algorithms lead to rather lsimiesults at the optimal value
of the jet radius.

Then, in Fig. 43, we compare th& and¢ invariant mass distributions for the hadronicsamples
for the best overall algorithm anki- and for SISCone, both witl® = Rj,.s;, compared to their coun-
terparts forR = 0.7. We observe that, as indicated by the figures of merit, théceh® = R}, for
the anti%; algorithm leads to a somewhat larger number of events inela& than for SISCone, but in

28I the limiting case it can merge two equally hard partonsssed by a angular distang2&.
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any case this difference is small compared with the diffeeenetweenR = Ryt and R = 0.7. The
degradation of the mass peak at laiges both due to contamination from the UE and to the fact that
hard partons are sometimes accidentally merged (more ioftone algorithms with SM steps).

As in the Z’ case, one of the main results of this study is that choosingreoptimal value
of R can result in a severe degradation of the quality of the stcocted mass peaks. For example,
comparing in Fig. 43 the results fd&t = Ry and R = 0.7, we observe that the degradation of the
mass peak can be of the order~of40 — 50%, confirmed by the quality measures, for which we obtain
pr ~ 0.3 —0.6. Thus our analysis confirms that the relatively small valieB currently being used by
the LHC experiments in top reconstruction are approprigpecific care is needed with cone algorithms
with split-merge stages, for which one should make surefhatnot larger thai.4.

As a final remark we note that we have also examined semidapté decays. Though there
are fewer jets there, the results are rather similar (withhgly larger differences between algorithms),
mainly because the semileptonic case resembles a singigpteare of the fully hadronic case.

10.8 Summary

We have presented in this contribution a general technigg@antify the performance of jet algorithms
at the LHC in the case of the mass reconstruction of heavyctshje

One result is that for simple events, as modelled by a fakdecay at a range of mass scales,
SISCone and the midpoint algorithm behave slightly betiantothers, presumably because they reach
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furthest for hard perturbative radiation, but without takiin extra of underlying event contamination.
Quantitatively, our performance measures suggests tieat@mobtain equivalent signalbackground
with a factorp;, ~ 0.8 — 0.9 less luminosity than for (say) thig algorithm. The Cambridge/Aachen and
anti-k; algorithms are intermediate.

An effect of sometimes greater significance is the deperedefnthe results on the choice &
parameter. In particular we find that the optinfdincreases significantly with mass scdlg;,, most
probably for the reasons outlined in [117], namely an ingrjpetween perturbative effects (which scale
M and prefer a largeR) and non-perturbative effects (independeni\fy, and favouring smaller).

If one takesRk = 0.5, which is optimal atM/z, = 100 GeV, and uses it at/;, = 2 TeV, it's equivalent

to a loss of luminosity of a factor gf;, ~ 0.75 compared to the optimak ~ 0.9. The need for large
R is likely to be even more significant for resonances that ylez@luons, as suggested by the study in
section 11.

We have also examined more complex events, hadronic dedaysewents. Here the need to
resolve many different jets modifies the hierarchy betwdgorghms, with antik; performing best.
Overall the differences between algorithms are howevdyfamall, with an effective luminosity reduc-
tion from best to worst op;, ~ 0.9. The choice of the corred® is even more important here than in the
Z' case, with small valueB ~ 0.4 being optimal.

Let us emphasise that our results should be taken with soree giace in general the jet clus-
tering procedure will affect the background as well as tigaai and our measures ignore this effect.
Nevertheless, while our analysis cannot replace a progeerementalS/+/B study, it does provides an
indication of the typical variations that might be found iffetent jet definition choices at the LHC, and
points towards the need for flexibility in jet finding at the CH

The strategy presented in this contribution can be reagiplied to quantify the performance of
different ideas and strategies for improving jet findingat Lt HC. One possibility is the use of subjet ca-
pabilities of sequential clustering algorithms, similamnthat was done in [118], but extended beyond that
context. This potential for future progress in jet-findingtinods is yet another reason for encouraging
flexibility in LHC jet-finding.

Finally, all the MC data samples used in this contributi@gether with the results of mass recon-
struction using different jet algorithms can be found atftil®wing webpage:

http://www.Ipthe.jussieu.fr/"salam/les-houches-07/
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11 INFLUENCE OF JET ALGORITHMS AND JET SIZES ON THE RECONSTRU CTION OF
THE HARD PROCESS FROM STABLE PARTICLES AT LHC ENERGIES 29

11.1 Introduction

With the advent of the LHC, a new regime in center-of-massgn&r hadron-hadron collisions will
be accessed and the by far dominant feature of the eventsnwehlsured is the abundant production
of jets, i.e. collimated streams of hadrons that are sughts®riginate from a common initiator. In
theory, these initiators are usually the outgoing partdre leard interaction calculable in perturbative
QCD (pQCD). Limitations of QCD perturbation theory, howgvaake it impossible to unambiguously
assign a bunch of observed hadrons to such a hard parton. hievamevertheless the comparability
of our best theoretical knowledge with experimental resyét algorithms are employed that define a
distance measure between objects and uniquely determiid whthem are sufficiently close to each
other to be considered to come from the same origin and hencenbine them into a jet. This same
procedure is applied equally to the partons of theory catmis, the final state particles of Monte-Carlo
generators, that serve as input to experiment simulatiassyell as measured deposits of energy in
calorimeters or tracks of charged particles. Provided ¢halgorithms are well behaved, i.e. they are
especially collinear- and infrared-safe (CIS), the meadyets can now be related to jets constructed of
the theory objects.

However, a number of residual effects of either experimearigin or of theoretical nature, the
latter comprising perturbative radiation, hadronizataord the underlying event (UE), still have to be
taken into account. Recent overviews showing how these bega dealt with in the past, especially
at Tevatron, can be found in e.g. Refs. [84,123]. Since ée®rgachable at the LHC are much larger
though than everything investigated so far, the best ceaitget algorithms and parameters to delimit
and/or control these residual effects have to be reevaludtethis work we contribute to this effort by
examining the influence of different jet algorithms and jees on the reconstruction of characteristics
of a hard process. More precisely, we have varied the ragpget size parameters, usually labelled as
R or D and generically denoted d8 further on, fromo0.3 to 1.0 in steps of0.1 for the following four
algorithms:

e The Midpoint cone algorithm, Ref. [127] (with split-mergeenlap thresholdf of 0.75 and a seed
threshold ofl GeV)

e The SISCone algorithm, Ref. [128] (with split-merge ovpraresholdf of 0.75, an infinite num-
ber of passes and no transverse momentum cut on stable cones)

e Thekr algorithm, Refs. [131, 132, 149], in the implementation ef R144]

e The Cambridge/Aachen algorithm, Refs. [134, 135]

In all cases the four-vector recombination scheme or E seheas used. We note that Midpoint cone is
not collinear and infrared-safe and is included primardy domparison.

In this first step, we restrict the analysis to examine thesiteon from leading-order (LO) pQCD
events to fully hadronized ones using Pythia version 6.4, [B8], as event generator. The parameter set
of tune DWT, Ref. [150], has been chosen to represent a pessitrapolation of the underlying event to
LHC energies. On occasion we have employed the SO tune, [R6f451]3° as an alternative. A more
complete study is foreseen including further models asgoyeHerwig plus JIMMY, Refs. [97,152], or
Herwig++, Ref. [153, 154].

With this set-up, three primary types of reactions have lwemsidered representing typical anal-
ysis goals:

e Inclusive jet production for comparison with higher-orgeerturbative calculations and fits of par-
ton density functions,

2Contributed by: V. Buige, M. Heinrich, B. Klein, K. Rabbertz
%0In addition to the settings given in table | of Ref. [86], tharameters MSTP(88) and PARP(80) have been set to the
non-default values dd and0.01 resp. as they would be set by a call to the corresponding PYH kéitine.
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e 7 boson production in association with a balancing jet fomailar usage but in addition for jet
calibration purposes and

e production of heavy resonances with the aim of finding neviggas and measuring their masses.

The choice of resonance producdd, — gg, has been made so as to serve as well-defined source of
monochromatic gluons and less as a realistic analysis Boenginally, we adopt a final state truth
definition for the jet finding taking all stable particles as input apart from prompt leptons or leptons
from decays of heavy resonances.

Additional requirements imposed by the experimental getd e.g. the jet energy calibration or
pile-up have to be investigated in further studies.

11.2 Inclusive jets

For inclusive jet transverse momentum spectra one empisasisthe comparison of measured data with
QCD perturbation theory to higher order, see for examples R£65—-158]. Currently, calculations up to
NLO are at disposal in the form of JETRAD, Ref. [159], or NLA3&, Refs. [160, 161], which, like
most programs of the cross section integrator type, rentahmegarton level and do not allow to attach
perturbative parton showers with subsequent hadronizatothat a full simulation of these events is
excluded®? As a consequence, when referring calibrated experimeataluhfolded for detector effects
to the NLO calculation, the required corrections cannot &eminined in a completely consistent way.
The theoretical "truth”, i.e. NLO in this case, lies inbetwmethe LO matrix element (ME) cross section
and the LO cross section with attached parton showers. fidierere present in the following ratios of
the inclusive jetpr spectra of fully hadronized events with respect to a LO maiement calculation.
To focus on the hadronization step alone, the same was patbwith respect to the spectrum derived
from events including parton showers but without fragmimia In the latter case one should note that
the parton radiation has been performed for the hard irtieraas well as for the underlying event so that
this corresponds only to one part of the desired correctist interesting would be a comparison to the
correction achievable with a NLO program with matched pasioowers like MC@NLO, Refs. [23,162],
for which unfortunately the inclusive jets have not yet bieplemented. A theoretical study going into
more detail on the subject of the composition of perturlea(parton showers) and non-perturbative
(underlying event, hadronization) corrections to hardrattions can be found in Ref. [117].

In this section, the jets have been required to have a mirtigasverse momentupy- larger than
50 GeV. No cut on the jet rapidity or polar angle was imposed. Figlteshows the ratio of inclusive
jet cross sections of fully hadronized events by Pythia D\Wietover Pythia LO ME for jet sizeR of
0.3 up to 1.0 for the investigated jet algorithms. For the latter, thepessive parameters of the Pythia
program controlling the parton shower, initial and finatestadiation, multiple parton interactions (MPI)
and the fragmentation have been switched off. It become®muobythat the effects increasing thejet,
initial state radiation and multiple parton interactioasd the effects reducing the jet are relatively
well balanced fork around0.5 to 0.6 for Midpoint cone and SISCone as well as fgr and Cambridge-
Aachen. For smalleR, the jets tend to losgr due to out-of-cone effects during the evolution from LO
ME to hadronized events, while largé& result in an increase gf; due to the jets collecting particles
from other sources. Corrections to derive the LO ME jet csegtion from the hadronized final state
will have to take these effects into account.

In Figure 45 the jepr distribution of fully hadronized events has been dividedhs spectrum
after parton showers (including the underlying event) fe $ame range of jet sizésas above. This
shows predominantly the influence of the hadronization ddend string fragmentation in the case
of Pythia, on the jets, usually leading to a losginespecially for cone-type algorithms and more pro-

3lparticles with lifetimes such thatr > 10 mm.
%2padditionally, it would be necessary to perform an unweigbtistep in order to avoid simulating huge amounts of events
with positive and negative weights.
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Fig. 44: Ratio of inclusive jet cross sections of fully hadmed events by Pythia DWT tune over Pythia LO ME for jet sizes
R of 0.3 up to 1.0 for the Midpoint cone (upper left), SISCone (upper right), (lower left) and Cambridge/Aachen algorithm
(lower right).

nounced for smaller cone sizes due to out-of-cone effed¢ts.s€quential recombination type algorithms
like k7 and Cambridge/Aachen are almost unaffected for all ch@tés

Finally, to emphasize the importance of the underlying ewenpresent in Fig. 46 the same ratios
as in Fig. 44 but for the alternative tune SO employing a cetaefy new model for both, parton shower
and multiple parton interactions. Events produced witk thihe contain a small fraction of jets wipk
significantly higher than it would be expected from the inggbphase space restrictions on the event
generation. These events had to be removed manually to asefdcts in the inclusive jet cross sections
due to their high weights and the procedure to combine ewnpkes generated separately in bins of the
hard momentum scale. The number of discarded events is elelvone percent for all algorithms and
jet sizesR.

As can be seen, the fully hadronized tune SO events genemibain jets with highepr than the
events produced with tune DWT, which is mainly due to an iaseel amount of energy spread into the
event by the new MPI model. This yields the somewhat sun@isonsequence that @&hof 0.4 delivers
a ratio that is very close to unity for all applied jet algbrits over the wholg, range.

11.3 Z plusjets

At LHC energies, events witly bosons and jets will be much more abundant than at the Tewvatro
Therefore the aspect of calibrating jet energies using Hienging transverse momentum of a recon-
structedZ boson will become more important. In addition,plus jet reconstruction suffers much less
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Fig. 45: Ratio of inclusive jet cross sections as in Fig. 4ddnvided by Pythia tune DWT after parton showers (including
underlying event). This shows predominantly the influerfda® hadronization model.

from backgrounds than the similarly useful photon plus ptecess, where the huge cross section for
di-jet production requires, due to misidentified jets, tgowe strong isolation criteria on the photons.
Restricting the analysis to decays of théoson into two muons, as done here, has the further advantage
to decouple completely the jet energy scale from caloriimeteasurements and to relate it to the muon
track reconstruction instedd.

In the following, events will be selected with respect to thest possible jet calibration. The
guantity we will be looking at is the average relative ddeiatof the reconstructed jet; from the
transverse momentum of the balancitidposon(pr jet — p1.2)/pr, 7. AS this is only valid for events, in
which theZ boson is exactly balanced by one jet of the hard process, améotextract a clean sample
of Z plus one jet events. Additional selection criteria are isggbdue to geometrical and triggering
limitations of a typical LHC detector.

A precise measurement of the muon kinematics with a trackysgem is assumed to be feasible
in the region in pseudo-rapidi§ || of up to2.4. Due to possible trigger constraints, only events are
considered where both muons have transverse momenta theger5 GeV. Having identified two or
more muons in an event, the pair of muons with opposite changean invariant mass closest to the
Z mass is chosen. The event is accepted if the invariant masssadi-muon system is closer to the
Z mass thare0 GeV. Likewise, from the jet collection only jets in the centragion with|n| < 1.3 are

33Nevertheless? decays into electron-positron pairs are very useful, sifready the electromagnetic energy scale is known
more precisely than the hadronic one and also here trackniaftton can be exploited.
34 e
n = —In(tan 3)
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Fig. 46: Ratio of inclusive jet cross sections as in Fig. 4dfbuevents with Pythia tune SO.

selected where uncalibrated but otherwise reliable jetggnemeasurements are expected. In addition,
the jets are required to have a minimal transverse moment@2h@eV .

In the current implementation of the analysis, all stablgiglas are selected as input objects to the
jet algorithm, including the two muons from the decay of theoson. This leads to two fake jets in the
event which have to be removed manually from the jet cobectiThis is done by discarding jets which
lie inside a cone oA R < 0.5 around the directions of the two muottsAs the Z-jet system is balanced
in azimuth®, the muon fake jets are in the opposite hemisphere and tinerdd not interfere with the
determination of the properties of the jet balancing fh&oson so that the final state truth definition
given in the introduction still holds.

In order to ensure a clean sample of events in which the Z bissexactly balanced against one
jet of the hard process, the second leading jet in transvecsaentum is required to have less tiax%
of the transverse momentum of the Z boson. In addition, theifgy jet inp is required to be opposite
in azimuthal angleb by complying with| A®(jet, Z) — 7| < 0.15.

The relative deviation of the reconstructedjetfrom the transverse momentum of the balancing
Z boson(pr et — pr,2z)/p1,7 1S determined independently for each range in the hardveass momen-
tum scale set for the event generation. The mean and widtreaktative difference of jet and bospn
is performed in a two step procedure employing Gaussian fiesathe first one is seeded with the mean
and root mean squared (RMS) of the corresponding histogrémm second fit then uses the result of the
first step as input.

AR = /B + (A0
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Fig. 47: Relative deviation between the transverse momefithe jet and the balancing boson from a Gaussian fit of fully
hadronized Pythia tune DWT events vergusfor jet sizesR of 0.3 up to 1.0 for the Midpoint cone (upper left), SISCone
(upper right) k7 (lower left) and Cambridge/Aachen algorithm (lower right)

Figure 47 presents this observable for fully hadronizediytune DWT events versysg- for jet
sizesR of 0.3 up to 1.0 of the investigated algorithms. All four exhibit a very siaribehaviour that
small jet sizes on average under- and large jet sizes oertxlthe transverse momentum of the
Above =~ 500 GeV this difference remains well belo®f. To smaller transverse momenta the balance
gets increasingly worse. No particular advantage can bifkel for any of the four algorithms and it
is always possible to choose a suitable jet size to minintiealeviations. But any such choice depends,
of course, heavily on the interplay of jet energy loss dueatbgm showers and hadronization and energy
gain because of the underlying event.

To give an estimate of the influence of the underlying evéra,same quantity is shown for com-
parison in Fig. 48 for the alternative Pythia tune SO for tr falgorithms. The smaller jet sizes show
nearly the same behaviour for both tunes. For the largeizes & slight loss in energy for the tune SO
compared to DWT is exhibited. The effect decreases for Idrgasverse momenta.

In order to examine the influence of the underlying event @njéh energy in dependence of the
jet size, the mean of the relative deviation between thestanse momentum of the jet and the balancing
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Fig. 48: Same as Fig. 47 but for Pythia tune SO.

Z boson is shown in Fig. 49 for fully hadronized Pythia tune DW@ents with and without multiple
interactions. Having disabled multiple interactions, titssverse momentum of the jet is systematically
underestimated compared to thieboson. This effect decreases for largemparameters but remains
visible which indicates that the jet algorithms do not aculate the whole energy of the parton into the
jet. So without the MPI even the largest employed jet sizélgauffices to collect all energy to balance
the bosorpy. This feature is compensated by acquiring additional gnecygn the underlying event into

the jet. Enabling multiple interactions, the larger jeesinow overestimate the transverse momentum as
shown in Fig. 47.

Concluding, no particular advantage of any jet algorithm loe. derived with respect to the jet and
Z boson momentum balance. Preferred jet sizes depend heavihe multiple parton interactions and
can only be selected once the underlying event has beemrdeéer more precisely at the LHC.

114 H — gg — jets

In the last section, we evaluate the impact of the jet algorit and jet sizes on the mass reconstruction
of a heavy resonance. More specifically, we look at the pgoles—~ gg — jets as a "monochromatic”
gluon source. In order to reduce to a large degree the effébedinite Higgs width, on the one hand
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Fig. 49: Same as Fig. 47 but with multiple parton interactiswitched off.

side we allow the actual Higgs mass in an event to deviate themominal one only by-50 GeV, on
the other hand, when comparing the mass reconstructed fi@twb gluon jets, the remaining difference
to the nominal mass is compensated for. The two jets arersztjtnp be the leading jets in transverse
momentum with a separation in rapidifyy of [Yjet1 — Yjet2| SMaller tharl. To avoid potential problems
with the gg production channel for large Higgs masses we decided tdeoaly the weak boson fusion,
process number23 and124 in Pythia, Ref. [85].

Nevertheless it proved to be difficult to define quality olkabies, since Breit-Wigner as well
as Gaussian fits or combinations thereof do not in generdldestribe the mass distributions for all
jet sizes. At smallR up to 0.4 the substructure of gluon jets is resolved instead of featuwf the
hard process. At intermediate resolutions a small mass gi@als to reappear leading to asymmetric
distributions which are especially awkward to deal witheHame problems arise in the reconstruction
of a Z’ mass which is investigated in more detail in chapter 10 afehgroceedings. For comparison
we use a similar approach here and look for the smallest maskow containing25% of all events. As
reconstructed mass value we simply chose the median, whagtienoutside the location of the smallest
window, since we primarily consider the width as quality sw&& and not the obtained mass. Figure 50

3ey — Ll Btpe
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Fig. 50: Reconstructed Higgs mass distributions for theC8i® algorithm with cone sizés4 (left) and0.9 (right) for the two
nominal Higgs masses 800 (upper) andl000 GeV (lower). The full black line indicates the nominal mass, dashed red
lines show the location of the determined minimal mass windod the dotted blue line corresponds to the median.

displays as example the determined mass windows and mddiatiee SISCone algorithm with cone
sizes0.4 and0.9 for the two nominal Higgs masses &0 and1000 GeV'.

In Figure 51 the reconstructed Higgs mass and width, defisedetdian and the minimal mass
window, is shown for all four jet algorithms versus the jetesfor the four nominal resonance masses of
300, 500, 700 and 1000 GeV. Obviously, the median systematically underestimatesatminal mass
for larger Higgs masses.

Finally, in Fig. 52 the derived minimal mass window sizes resented in dependence of the jet
size R for all jet algorithms and four nominal masses of the Higgsdm Systematically, the cone type
algorithms perform somewhat better than the sequentialmbmation ones in the sense that they lead
to smaller reconstructed widths.

Conclusions

As already observed previously, hadronization correstion inclusive jets, especially at low transverse
momenta, are smaller for jet algorithms of the sequenti@méination type X, Cambridge/Aachen).
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Fig. 51: Reconstructed Higgs mass and width when defined demand minimal mass window containiag% of all events
versus the jet size. For better visibility the points haverbslightly displaced iR for the different jet algorithms.

For the purpose of inclusive jet spectra, however, one idgarenantly interested in the newly accessible
regime of transverse momenta abeves00 GeV or just below. In addition, in the complete correction
a partial cancellation occurs of hadronization effects emtributions from the underlying event where
no algorithm showed a distinctly better performance thandthers. So provided the current extrapo-
lations of the underlying event, one of the largest unkngvems roughly comparable to what will be
measured, all algorithms are equally well suited. For theyais of theZ plus jets momentum balance
no particular advantage of any jet algorithm was observditiere In the case of the characterization of
the reconstructed Higgs resonance via the median and thmatimass window containing>% of the
events as proposed in chapter 10, the cone type algorithrigp¢int cone, SISCone) exhibit smaller
widths.

Concerning jet sizes, the inclusive jets analysis andziptus jet balance prefer medium jet sizes
R of 0.4t0 0.8, i.e. somewhat smaller than the habitual valu&ct 1 before. This is in agreement with
the expected higher jet multiplicities and larger undedyevent contributions at LHC energies which
require a higher jet resolution power. For the reconstoactif the Higgs resonance, especially here from
two gluon jets, larger jet sizeB of 0.8 or 0.9 are required. For jet sizes below 0.5 one resolves the
substructure of the gluon jets instead of recombining atbgteproducts of the resonance.
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Fig. 52: Minimal mass window sizes in dependence of the petRifor all jet algorithms and four nominal masses of the Higgs
boson.

Concluding, the suitability of the considered four jet altfons was investigated for three types of
analyses and no decisive advantage for a particular oneowad fvithin the scope of this study. So apart
from the fact that Midpoint cone is not collinear- and in&dssafe and was merely used for comparison,
further investigations have to be performed with respeaoerimental aspects. We have shown that
especially the underlying event can be expected to havendisant impact on the presented analyses.
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12 A STUDY OF JET ALGORITHMS USING THE SPARTYJET TOOL 37
12.1 Introduction

Almost all LHC physics channels will contain jets in the firsdate. For this reason, jet clustering
algorithms deserve a great deal of attention. Even thoudiohaollider experiments have reconstructed
jets for over 30 years, until recently the precision reachiedadron machines was not sensitive to the
differences between the different jet algorithms. In ddditthe available computing power often limited
the choice of jet algorithms that were practical to use.

With the recent precision measurements from the Tevatrahjralight of the expectations for the
LHC, it is worthwhile to re-examine the impact jet algoritermio make at hadron colliders, especially as
new algorithms and ideas are being developed. Our aim irctimgribution is to provide a systematic
study of some characteristics of representative jet alugi@lgorithms and parameters, using as an input
one of the closest analogues an experiment can provide tevémtors, the ATLAS topological clusters.
These are calorimeter clusters already calibrated forctieteneasurement effects, to effectively the
hadron level. These topoclusters are passed to the chgt@idorithms by the SpartyJet [146] tool, an
interface to the major clustering algorithms that allowsysghange and control over relevant parameters.

12.2 Algorithms considered

Jet clustering algorithms can be divided into two main @assones and iterative recombination (as
for example thekr algorithm). Historically, in hadron colliders, primarilyone algorithms have been
used, being the only algorithm fast enough for use at tridgeel, and for fear of large systematic
effects in busy multi-jet environments from recombinatadgorithms. Fast implementations of the
algorithm [144], as well as the first papers performing mieci measurements with it [155,157] call for
a detailed comparison of thig- algorithm with cone-based ones.

Many implementations of cone algorithms have been devdlaver the years (and the exper-
iments). Many of them have been shown to suffer from infrasafty issues, i.e. the results of the
algorithm can change if very soft particles, that do notciftee overall topology of the event, are added
or subtracted. Unfortunately, algorithms that have longnbhe default for large experiments, such as
JetClu for CDF and the Atlas cone for Atlas, belong to thiggaty. Other algorithms, such as Midpoint
[127,129] are stable under infrared correction for most gill not all) cases. But, since they start clus-
tering jets around energy depositions larger than a givereaeed threshold), the outcome will depend
in principle on the value of this threshold. The manner inchitthis will affect clustering under real ex-
perimental conditions is one of the questions we will atteto@ddress in this study. Finally, a seedless
infrared-safe cone algorithm has recently emerged [128};iging most of the desirable features a cone
algorithm needs from the theoretical point of view and a kingase of use as previous cone algorithms.
Its adoption by the experimental community has been slowaltiee lack of a comprehensive compari-
son with more traditional approaches. Most of the studiesgmted in the following sections will involve
comparisons between ttg algorithm (for the two different cone sizes of 0.4 and 0.6, egacy Atlas
cone and the Midpoint cone algorithm (for a cone size of @) Cambridge/Aachen algorithm (similar
to the kp algorithm, but only using the distance between clustersramdheir energy) and the seedless
infrared cone algorithm (SISCone; cone size of 0.4). Thhouwg this contribution, these algorithms will
be identified by the same color, i.e. black for Kt04, red fod&tgreen for the Atlas cone(04), dark blue
for SISCone(04), pink for MidPoint(04) and light blue for@hridge/Aachen.

12.3 Datasets

To perform our studies, we have used the Monte Carlo datasethiced in the context of the Atlas
CSC notes exercise. In particular, we are interested in éaor of jet algorithms in a multi-jet

$’Contributed by: M. Campanelli, K. Geerlings, J. Huston
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environment and in the endcap region where small changdsstec position can result in large rapidity
differences. It was therefore natural to use samples fimets and VBF Higgs channels. The former
were generated with ALPGEN [29], (interfaced to Herwig), fioe case of &/ boson decaying into a
muon and a neutrino, produced in association with a numbpabns ranging from 0 to 5; the latter
are Herwig [163] samples, with a Higgd/(; = 120 GeV) decaying into tau pairs, with each of the taus
decaying into an electron or a muon and neutrinos.

Unless otherwise specified, the different algorithms areaw the same datasets; therefore, the
results obtained are not statistically independent, amuh ewmnall differences can be significant. Jets
reconstructed with the jet axis closer tharR = 0.4 with respect to the closest lepton (either from W
decay or ar from H — 77) are discarded, in to avoid biasing the jet reconstructierigpmances either
by inclusion of those leptons in the jet, or by calling jet ptt& or a tau decay product altogether.

12.4 Jet Multiplicity

The first variable we examined is the jet multiplicity for et® with a leptonically decaying W and a
number of partons varying from 0 to 5.
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Fig. 53: Number of reconstructed jets for W + n partons Morael&; with the number of partons increasing (from 0 to 5) as
the plot order.

The reconstructed number of jets witlk > 20 GeV for the various algorithms (with color code
as in the end of the “Algorithms considered” session) is showFigure 53, where each plot represents
a different number of generated partons. To understandr¢ined somewhat better, Figure 54 shows
the difference between the mean number of reconstructediet the number of partons, while Figure
55 shows the RMS of this distribution. As expected, the ithistion of the number of reconstructed jets
broadens as the number of partons increases, both at regriadtand generator level. Since only jets
passing the 20 GeYy cut are included, it is understandable that the multigligthigher for the Kt06
than for the Kt04 algorithm. This is true as well for largernatltiplicities, where the effect of the smaller
available phase space for the larger jet size is not reldeatiie multiplicities considered. On the other
hand, SISCone tends to reconstruct a smaller number ohgtsthe other algorithms.
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12.5 Matching efficiency

One of the most important characteristics of a jet algoritbitme ability to correctly find, after detector
effects, jet directions as close as possible to the gemkmtes. Since a parton does not have a well-
defined physical meaning, we stress again here that all aisopa between generated and reconstructed
guantities are done with jets reconstructed from stabléighes at the hadron level, using the same
algorithm as at detector level. Matching efficiencies afindd as the number of hadron level jets in a
givenpr or i bin that have a reconstructed jet within a giv&i® cut.

The AR distribution between the generated and the closest recotet jet is shown on the left
side of Figure 56 for the four algorithms studied in the poergi section, for a dataset of W + 2 partons
Monte Carlo. We see that the Kt06 algorithm has the largesinmealue ofA R, and therefore the worst
matching, probably because of fluctuations far from the cbtle jet. The same distribution for jets in
VBF Higgs events shows a small&rR for all clustering algorithms, showing that, in generagtahing
between generated and reconstructed jets is better in VBgsHhan inlV” + parton events. To better
understand the properties of matching, we will study itsdvédur as a function of jet kinematics. Figure
57 shows the efficiency for varioys- bins and for a range ak R cuts for the algorithms considered in
the previous session, on a dataset of W + 2 partons Monte Gaotall algorithms, an efficiency higher
than 95% (in red) is reached at high jet momenta even for digite A R cuts, while small differences
among algorithms emerge at lower jet momenta. If we takelibessof this 2d plot corresponding to the
CUtsAR < 0.3 andAR < 0.4, respectively, we obtain the results in Figure 58.

These plots were produced fromifd + 2 partons dataset, but all other datasets exhibit a similar
behaviour, even for large parton multiplicities (see Fegu9 for W + 5 partons). SISCone does a very
good job under these difficult situations, and fears offthelgorithm picking up too much underlying
event seem justified only in the case of large jet size. Themvay efficiency as a function of the jet
n for VBF Higgs events is shown in Figure 60. It is interestiognbte how the endcap region, with
2 < |n| < 3, equipped with a Liquid Argon calorimeter with good poirnfioapabilities, is on average
more efficient than the barrel and the very forward endcape difierentn distribution, as well as the
harder spectrum, may explain why jets from VBF Higgs eveumigeha better matching efficiency than
those fromlV + parton events.
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12.6 Seed threshold and split/merge parameter

An obvious argument in favour of a seedless clustering #lguris that the seed threshold is in princi-
ple an arbitrary parameter, and the dependence of jet reaotien on arbitrary parameters should be
avoided as much as possible. On the other hand, from theimgrgal point of view, any seed below
the calorimeter noise-suppression cut should be equiyaed no dependence on seed threshold should
be observed for reasonable values of this parameter. Tthiedtypothesis, we looked & + 5 parton
events, with very low jepr threshold (10 GeV). The number of jets reconstructed wighNtidPoint
algorithm with seed thresholds of 0.1, 1 and 2 GeV is showniguile 61. We see that no significant
difference is found for the different seed values, so tharcthat reasonable seed values lead to similar
results seems justified, at least for inclusive distrimgiof the type examined here. This fact does not
reduce the merits of the seedless algorithm.

To address the issue of the dependence of jet clusteringe@ptitymerge parameter, we clustered
W + 2 parton events using the Atlas cone and SISCone algoritrithghis parameter set to 0.5, 0.625
and 0.75. Large differences are observed, as seen for egdpthe SISCone case in Figure 62.
Perhaps a systematic study to fine tune this parameter ceulddful. We noticed that, out of the three
options considered here, the best value of this parametdgasithm-dependent, and is in fact 0.5 for
the Atlas cone and 0.75 for SISCone, which are presently ¢feutt values for these algorithms.

12.7 Energy reconstruction

Even after compensation for the different calorimeter oesp to electromagnetic and hadronic showers,
Atlas topological clusters currently underestimate thaltaisible energy by about 5% due to noise-
suppression thresholds, particle losses, inefficiend®sEhis effect results in a systematically higher
hadron-level energy with respect to the detector-level and is visible as a function of jet andn

for W + 2 parton events in Figures 63 and 64. As expected, this lasger for low-energy jets where
the relative importance of low-energy clusters (more prionesses etc.) is higher. Also, the behavior
in regions close to the badly-instrumented parts of theatietaliffers considerably between the various
algorithms.
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12.8 Cross sections

The study ofi¥ + n jet cross sections, i.e. the- distributions of the most energetic jet for various
jet multiplicities, allows a study of the effect of jet clesing on energy distributions as well as on jet
multiplicities. To select events with W boson decays intouemand a neutrino, we require the presence
in the event of a muon of at least 25 GeV in the acceptancemégjo< 2.4 and missing transverse
energy of at least 25 GeV. We accept jets if they have traseweomentum larger than 15 Gé¥| < 5
andA R > 0.4 with respect to the muon. Events are classified accordingetmtimber of reconstructed
jets. We studied the distribution of the: of the leading jet foil” + n parton events. For space reasons,
we show here only those obtained with thé+ 2 parton sample, but all other distribution show similar
characteristics. The reconstructed spectra of the legdirgye shown in Figures 65. We see that the
different behavior observed for the jets reconstructeth e KT06 algorithm is mainly due to the very
soft region. Since, with this jet size, there is the tenderfayeconstructing a larger average number of
jets, there are fewer events placed in Wiet 1 jet category (the red histogram is always below the others
for the first plot), and more in the cases where the recortstiunultiplicity is higher than the generated
one (all plots from the third on). However, looking at the spectra, we realize that this effect is mainly
present for events with a soft leading jet, while for hardres€i.e. for highepr of the leading jets) all
distributions tend to converge.

12.9 Pileup

We know that in the first phases of LHC operation, the protomsity in the bunches will be already
high enough for the events to exhibit non-negligible pilelyo study of clustering algorithms would
be complete without an assessment on the behaviour undisticeainning conditions. Assuming that
pileup can be added linearly to the event, we overlappea ttmieimum-bias events to tH& + partons
and Higgs VBF events considered in the previous sectiortsegamined how the quantities considered
above are modified for the various algorithms.

The first property studied here is the jet multiplicity. Wee gbat the distribution of the number
of jets for thelV + partons sample (Fig. 66) is modified. The behavior of theéuaralgorithms can be
seen in the mean value and RMS of the reconstructed muitypéis a function of the number of partons
(Figures 67 and 68). A direct comparison between the naypind pileup case is made in Figure 69,
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Fig. 57: Matching efficiency as a function of jet and AR cut forW + 2 partons.

where we show the average number of reconstructed jets fiysH/BF events without and with pileup.
Kt04 and SISCone are the two algorithms that are less samsgitithe presence of pileup.

In order to study the influence of pileup on the kinematicrdistions for the reconstructed jets,
Figure 70 shows the ratio of ther distributions with and without pileup for each reconstedtjet
multiplicity, for W + 2 parton events.

The presence of pileup, leading to a modification of the jé$ abirection, also influences the
matching efficiency between hadron level and detector fetel The efficiency as a function of jgf
andn, computed using the same definition as in the previous sestie shown in Figures 71 and 72.
Again, the scale of robustness of the various algorithmbiegtesence of pileup obtained from the other
tests is confirmed.

Finally, we tested the effect of using different algorithamsa simple forward jet selection, aiming
at a discrimination of VBF Higgs events from the backgroumtie following cuts were applied to the
VBF Higgs and to thélV + 2 partons and th&” + 3 partons Monte Carlo:

e Two jets with P}, > 40 GeV andP? > 20 GeV
Both jets haveA R > 0.4 with respect to tau decay products
Anyo > 4.4
Invariant mass between the two jets700 GeV
No third jet with|n| < 3.2 andPr > 30

The efficiencies obtained in the three samples for threeejfahalgorithms under study here are sum-
marized in Table 12.9.

While the change in efficiency for the Higgs signal is quitergitzal, the same cannot be said for
the difference in background rejection. Here the algorgat have proven to be more robust under
the influence of pileup exhibit a much better backgroundctija, and can improve the power of the
analysis.

12.10 Conclusions

In this note we have systematically explored the behavisewéral jet algorithms, Kt (with different jet
sizes, corresponding to the choice of D parameter of 0.4 &) the Atlas Cone, SISCone, MidPoint
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Fig. 58: Matching efficiency as a function of jet for W + 2 partons. The matching requirement is thaR < 0.3 (above)
andA R < 0.4 (below).

Algorithm VBF Higgs | W + 2p W + 3p

Cone 04 15.9+0.4 | 0.3A40.03 | 1.17+0.05
KT 04 15.14+0.4 | 0.1740.02 | 0.85+0.04
SISCOne 04 14.2+0.4 | 0.17+0.02 | 0.76+0.04

Table 8: Selection efficiency for the forward jet cuts ddsediin the text, for the various algorithms applied to the¢hvionte
Carlo samples of VBF Higgs)y + 2 andW + 3 partons

(all for cone size of 0.4) and Cambridge/Aachen, on severatbmarks with and without the presence
of pileup. The comparison of the smaller and larger jet simdle k7 algorithm has shown that the use

of larger jets deteriorates the resolution in jet directimmd is more vulnerable to the presence of pileup,
so should be avoided for the purpose of jet finding, even ifaiyrhe more accurate in determining the

jet energy.

The comparison of the different algorithms with approxiehathe same jet size, corresponding
to a radius of 0.4, indicates that the and SISCone algorithms have proven to be as good or better tha
algorithms more traditionally used in hadron colliders.
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